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ABSTRACT
A new generation of Ultraviolet (UV) light-induced self-healing polymers was introduced for the
asphalt pavement application with the aim to enhance pavements durability while increasing its
service life. The developed self-healing polymer was mixed with asphalt binder using two different
methods, passive and reactive. For the passive method, the cured self-healing polymer was ground
to smaller particle size and then it was mixed with asphalt binder using a high shear stirrer and at
a high temperature. For the reactive method, self-healing polyurethane pre-polymer was added to
the asphalt binder at a lower temperature and lower shear rate compare to the passive method.
Prepared modified binders, were tested using multiple chemical tests, fundamental rheological
tests, self-healing tests, and mechanical tests.
For passive method, rheological test results showed that the addition of recycled materials
led to an increase in the stiffness of the binder, while the polymer did not have a significant effect.
The SCB test results showed that the addition of recycled asphalt materials negatively affected the
cracking performance of mixtures. However, incorporation of self-healing polymer with UV light
exposure improved the cracking resistance. The LWT test results showed that the addition of the
self-healing polymer led to an increase in the rut depth of the samples. The addition of self-healing
polymer demonstrated improvement in self-healing properties of mixtures prepared with
unmodified binder. In conclusion, when the passive method was used for modification, the desired
cross-linked network between the self-healing polymer and asphalt binder did not form.
Furthermore, phase separation was observed for self-healing polymer modified binder blends.
In the reactive modification method, a three-dimensional network between self-healing
material, polyurethane, and asphalt binder was confirmed using FTIR testing. Rheological test
results demonstrated an increase in the high-temperature grading while no significant effect was

xii

observed on low-temperature grade.

LWT results presented improved rutting resistance.

Furthermore, SCB results showed an improvement in the cracking resistance with 5% polymer,
however, the Jc value was decreased with an increase in the self-healing polymer percentage.
Finally, asphalt mixture with 10% self-healing polymer and continuous exposure to UV light
presented the highest crack healing rate.

xiii

1. INTRODUCTION
Asphalt pavement is the most common type of pavements used in the construction of roads and
highways all around the world. Adequate engineering performance, fast installation, low
maintenance cost, and acceptable ride quality may be listed as asphalt pavement advantages.
However, through the acquisition, processing, and transportation of the materials used in asphalt
pavements’ construction, maintenance, and rehabilitation, significant energy consumption and
emissions are observed. The energy consumption and emissions caused by asphalt pavements
construction have significant environmental impacts on the sustainability and the surrounding
ecological systems. Consequently, pavement sustainability has seen significant interests as the
demand for asphalt pavement with higher durability, lower cost, and the lower environmental
impact increases. Cold asphalt mixtures, warm asphalt mixtures, rubber asphalt mixtures and
asphalt mixtures with recycled asphalt materials were introduced as different approaches toward
achieving a sustainable pavement (Thives and Ghisi 2017).
A sustainable pavement is defined as a pavement that meets the need of transportation
while using resources effectively and preserving the surrounding environment for future
generations. The reduction of virgin materials consumption through the use of recycled materials
is a successful practice to construct sustainable pavement. Reclaimed asphalt pavement (RAP) and
recycled asphalt shingles (RAS) are two of the main sources of recycled asphalt materials that can
be used as a partial replacement of virgin asphalt binder and aggregate. Hot mix asphalt (HMA)
consists of asphalt binder and aggregate and therefore, it is 100% recyclable. RAS is a roofing
industry waste, which consists of binder, mineral aggregate, mineral filler and glass fiber (Willis
and Turner 2016). Partial replacement of virgin materials with recycled asphalt materials can
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significantly reduce the use of virgin materials, negative social impacts, negative environmental
effects of asphalt pavement construction, and the overall cost.
1.1

Problem Statement

Recycled asphalt materials application in asphalt pavement construction may present various
advantages, yet, there are serious challenges that need to be addressed. Asphalt binder extracted
from recycled materials has been subjected to severe oxidation, therefore, it is a hardened and
brittle binder. The use of this brittle material with low deformation characteristics in new asphalt
pavement construction may affect the performance and service life of asphalt pavement by causing
various premature distresses such as fatigue and thermal cracking. This may limit the incorporation
of high percentages of RAP and RAS in asphalt pavement construction. In addition, during
shingles manufacturing, it uses air-blown asphalt, which makes it much stiffer than the virgin and
polymer-modified binder. As a result, many agencies are concerned with the long-term durability
of asphalt mixtures containing RAS. Furthermore, recycled asphalt shingles have high variability
and the level of blending between the extracted asphalt binder and the virgin binder is not
complete.
Asphalt binder possesses self-healing properties, which may be defined as the ability to
recover its original properties. Self-healing concept can be introduced as a solution to the cracking
of asphalt pavements, especially those pavements containing recycled materials and with higher
cracking susceptibility. Self-healing of asphalt may be compared to the self-healing of injured skin.
Injured skin self-heals, due to nutrient supplies existing in the body that repair the damaged parts.
In asphalt pavement, self-healing properties may be used to repair the damaged areas by closing
the cracks, stopping crack propagation, and eventually enhancing the performance of asphalt
pavement. Self-healing additives may be added to asphalt mixtures to enhance the self-healing
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ability of binder, delay crack propagation at early stages, and thus prolong the service life of the
pavement.
An innovative smart self-healing additive, which will be evaluated in the present study, is
Ultra-Violet (UV) activated self-healing polymer. Light-activated self-healing polymers may be
added to asphalt pavement to enhance its performance while improving its self-repairing ability.
The appearance of micro-cracks because of aging and excessive loading leads to the chemical
breakage of polymer bonds and consequently producing free radicals. Produced free radicals
would recombine through UV light exposure and close the micro-cracks. Based on this
mechanism, it is expected that the new generation of self-healing polymer has the potential in
reducing the cost of maintenance and repair of asphalt pavements.
1.2

Objectives

In order to address the aforementioned problem statement, the following objectives will be
achieved:
 Synthesis of UV light-induced self-healing polymers;
 Characterization of the produced UV light-induced self-healing polymer;
 Evaluation of the UV light-induced self-healing polymers effect on the rheological
properties of asphalt binder;
 Evaluation of the UV light-induced self-healing polymers effect on the self-healing
properties of asphalt mixture;
 Evaluation of the UV light-induced self-healing polymers effect on the mechanical
properties of asphalt mixture.
1.3

Research Approach

Details of the proposed research approach are presented in this section.

3

1.3.1

Task 1: Preparation and Characterization of Light-Induced Self-Healing Polymer

The objective of this task is to prepare the light-activated self-healing polymer; oxetane substituted
chitosan polyurethane (OXE-CHI-PUR) in the laboratory and to characterize the produced selfhealing polymer. In order to complete task 1, the following subtasks will be conducted:


Task 1a: Synthesis of light-induced self-healing polymer in the laboratory

The light-activated self-healing polymers used in this research were introduced by Gosh et al.
(Ghosh et al. 2011) and consist of three main components. These components were selected based
on their ability to serve a specific function. The first component is polyurethane (PUR), which
provides mechanical integrity and localized network heterogeneity. The second component,
oxetane (OXE), provides cleavage of the constrained four-member rings. Finally, chitosan (CHI)
provides the UV sensitivity required for self-repair activation. Self-healing polymer preparation
consists of two steps; during the first step, oxetane substituted (OXE-CHI) macromonomers are
produced, then, in the second step, OXE-CHI-PUR networks are prepared by reacting trifunctional HDI with dispersed OXE-CHI and polyethylene glycol under nitrogen. OXE-CHI
macromonomers may be introduced into the PUR network with different molar ratios (Ghosh et
al. 2011).


Task 1b: Characterization of light-induced self-healing polymers

The objective of this subtask is to characterize the prepared self-healing polymers using Fourier
transform infrared spectroscopy (FTIR) and Thermogravimetric analysis (TGA). FTIR will be
performed to record infrared spectra of the polymer and therefore evaluate the synthetic degree of
the self-healing material. TGA will be conducted to measure the thermal stability of light-induced
self-healing polymers. To sustain high temperature during mix production, the prepared self-

4

healing polymer should have sufficient thermal strength to resist asphalt mixture preparation
processes.
1.3.2

Task 2: Evaluation of self-healing polymer effect on the performance of asphalt binder
blends

The objective of Task 2 is to evaluate the effect of self-healing polymers on the performance of
asphalt binder and binder aging mechanism. Rheological properties of the binder with and without
recycled materials (RAS/RAP) and self-healing polymer will be evaluated using laboratory
rheological tests (i.e., rotational viscometer, dynamic shear rheometer, and bending beam
rheometer) and by comparing the Superpave Performance Grade (PG) of the modified blends to
the unmodified binder.


Task 2a: Asphalt binder blends preparation

The objective of subtask 2a is to prepare the binder blends in order to evaluate the effect of selfhealing polymers on the rheological properties of the binder. In order to assess the effects of lightinduced self-healing polymer on the binder aging mechanisms, asphalt binder blends consisting of
a binder with and without the polymer will be prepared. Two virgin binders will be used in this
study; an unmodified binder and a styrene-butadiene-styrene (SBS) polymer-modified binder,
which are classified as PG 67-22 and PG 70-22M by the Louisiana Specifications (Louisiana
Standard Specification for Roads and Bridges 2016). Self-healing polymer will be added to the
binder at three different dosage rates by weight of the binder and results will be compared to the
virgin asphalt binder. Recycled asphalt shingles used in this study will be a post-consumer waste
shingle (PCWS) with a 20% binder content, which was provided by a local contractor. Extracted
binder from RAS will be added to the binder blend by 5% of the weight of the binder. Reclaimed
asphalt pavement with a 5% binder content will be added to the binder blend by 20% of the weight
of the binder. Furthermore, prepared samples will be exposed to 2 different duration of UV light
5

(1h, and 48h) to examine the effect of various UV exposure on the performance of the binder
blends containing self-healing polymer. The proposed experimental test matrix used in this study
is presented in Table 1.1.


Task 2b: Simulation of short-term and long-term aging of the binder blends

The objective of this task is to simulate the aging of the binder during two phases, first during the
production and construction of pavement or short-term aging and second, during the service life
of asphalt pavement or long-term aging. Short-term aging of the binder will be simulated using
the Rolling-Thin Film Oven (RTFO) while long-term aging of the binder will be simulated using
the Pressure-Aging Vessel (PAV).
Table 1.1. Variable Affecting Asphalt Binder Specimen Preparation
Variable

Content

Binder Type

PG 67-22 and PG 70-22M

Type & Percentage of the recycled
material

0%, 5% RAS, 20% RAP and 5% RAS+20% RAP
UV1 (OXE-CHI=1:1) and

Type of the self-healing polymer



UV2 (OXE-CHI=1:3)

Percentage of the self-healing
polymer

1%, 3% and 5%

UV exposure

1h and 48h

Task 2c: Characterization of asphalt binder blends containing self-healing polymer

Prepared binder blends will be characterized using laboratory rheological tests (i.e., rotational
viscometer, dynamic shear rheometer, and bending beam rheometer) and by comparing the
Superpave Performance Grade (PG) of the modified blends to the unmodified binder. Binders will
be characterized using the entire suite of PG grading system as per AASHTO M 320-09. Dynamic
Shear Rheometer (DSR) will be performed based on AASHTO T 315 to characterize the viscous
6

and elastic behavior of asphalt binders at intermediate to high temperatures. Bending Beam
Rheometer (BBR) will be performed according to AASHTO T 313-12. In addition, the Multiple
Stress Creep Recovery (MSCR) test will be performed based on AASHTO TP 70, in order to
examine the high service temperature properties and accordingly, to assess the rutting potential of
the prepared asphalt binder blends, with or without self-healing polymer.
The Useful Temperature Interval (UTI) will be calculated as the range between the
minimum and maximum temperature where the binder is expected to perform adequately. The
continuous grade and UTI of the prepared blends will be measured for a better comparison of the
behavior of different asphalt binder blends with or without self-healing polymer. Furthermore, low
temperature cracking performance of asphalt binders will be evaluated using delta Tc, which can
be defined as the difference between the critical stiffness temperature and critical relaxation
temperature of binder blends. Using the results of the rheological tests, the percentage of polymer
with the most significant benefits will be selected for further testing.
Master curves will be constructed for binder blends prepared with or without recycled
asphalt materials and for the optimum percentage of self-healing polymer in order to characterize
the stiffness of the blends over a wide range of loading times and temperatures. Finally, the Linear
Amplitude Sweep (LAS) test will be performed based on AASHTO TP 101 to measure the damage
resistance of different binder blends and to provide a performance-based assessment of blends
fatigue resistance.


Task 2d: Chemical analysis of asphalt binder blends containing an optimum percentage of
self-healing polymer

A Gel Permeation Chromatography (GPC) will be conducted on different binder blends prepared
with or without recycled asphalt materials and the optimum percentage of self-healing polymer.
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GPC is a chemical test, which provides the molecular weight distribution in the binder blend.
Furthermore, Fourier Transform Infrared Stereoscopy (FTIR) will be conducted on the blends to
identify chemical reaction groups within the binder blends. Oxidation and aging process of asphalt
binder samples can be identified using the carbonyl band (C=O) and sulfoxide groups (S=O).
Oxidation causes the transformation of maltenes to asphaltenes, which is characterized by an
increase in carbonyl and sulfoxide groups.
1.3.3

Task 3: Evaluation of self-healing polymer effect on the performance of asphalt
mixtures

The objective of task 3 is to assess the laboratory performance of asphalt mixtures containing
RAP and/or RAS, with and without an optimum percentage of self-healing polymers through
laboratory measurements of mechanistic properties.


Task 3a: Asphalt mixture specimen preparation

The objective of subtask 3a is to incorporate the self-healing polymer prepared in Task 1 in asphalt
mixture specimens. Two types of asphalt binders (PG 64-22 and PG 70-22M) and aggregates (5/8”
gravel, ½” gravel, coarse sand, and fine sand) will be used to satisfy the mix design for a 12.5
Nominal Maximum Aggregate Size (NAMS) asphalt mixture. The Superpave asphalt mixtures
will be prepared in accordance with AASHTO R35-09, Standard Practice for Superpave
Volumetric Design for Hot Mix Asphalt; AASHTO M 323-07, Standard Specification for
Superpave Volumetric Mix Design; and Section 502 of the 2006 Louisiana Standard Specifications
for Roads and Bridges. A level 2 design (Ninitial = 8, Ndesign = 100, Nfinal = 160 gyrations) will be
utilized. The optimum asphalt content for each Superpave mixture will be determined according
to volumetric (air voids = 3%-5%, voids in mineral aggregates ≥ 13%, voids filled with asphalt=
68%-78%) and densification requirements (%Gmm at Ninitial ≤ 89%, and %Gmm at Nfinal ≤ 98%).
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In order to prepare the samples for the semi-circular bending (SCB) test, gyratory
compacted samples with a 150 mm diameter, 57 mm height, and 7.0 ± 0.5% air voids will be
prepared. Next, the circular specimens will be cut along the diameter resulting in two semi-circular
specimens. For this test, three sets of samples with three different notch depths (25.4, 31.8, and
38.1 mm) are required. Each set includes four semi-circular samples, resulting in 12 semi-circular
notched samples (Figure 1.1).

Figure 1.1. SCB samples

For the Loaded Wheel Tracking (LWT), two cylindrical specimens with an air void of 7.0 ± 0.5%,
a 150 mm diameter, and 60 mm height will be compacted. Circular specimens will be sawed to fit
the mold presented in Figure 1.2.

Figure 1.2. LWT molds
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Finally, rectangular slab specimens will be compacted with the following dimensions; 260.8 mm
wide by 320.3 mm long by 50mm to use in the Thermal Stress Restrained Specimen Test (TSRST).
After compaction, specimens will be cooled down to room temperature and checked for the
required air voids of 7 ± 0.5%. In the next step, rectangular slabs will be cut to beam specimens
with the dimensions of 50 ± 5 mm square and 250 ± 5 mm in length. The prepared beams will be
attached at each ends to platens of the test machine and placed in an environmental chamber for
conditioning.


Task 3b: Simulation of short-term and long-term aging of the mixture samples

Short-term aging and long-term aging of the asphalt mixture, which simulate aging during the
production and construction of pavement and during the service life of the pavement, will be
conducted according to AASHTO R 30. For short-term aging, the loose mixture is placed in a pan
and then put in a forced-draft oven for 2h ± 5 minutes at the mixture’s compaction temperature
(163 ± 3°C). The mixture should be stirred after 60 ± 5 minutes to provide uniform conditioning.
For long-term aging, compacted samples are placed in an oven at (85 ± 3°C) for 5 days (150 ±
0.5h).


Task 3c: Laboratory performance of performance against cracking, low thermal cracking,
and rutting susceptibility

A series of laboratory mechanistic tests will be conducted to characterize the high, intermediate,
and low-temperature properties of asphalt mixtures. These tests include semi-circular bending test
for intermediate temperature fracture performance, thermal stress restrained specimen test for lowtemperature performance, and a Hamburg type loaded wheel tracking test to evaluate the mixture
resistance to permanent deformation and moisture susceptibility.
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Table 1.2. Mixture Performance Tests
Tests

Standard

Properties

Semi-Circular Bending
(SCB)

ASTM D8044 − 16

Cracking at an intermediate temperature

Loaded Wheel Tracking
(LWT)

AASHTO T 324

Rutting susceptibility at high temperature

Thermal Stress Restrained
Specimen Tensile
Strength Test (TSRST)

AASHTO TP 10-93

Cracking at low temperature

1.3.4


Task 4: Evaluation of the effect of self-healing polymer on the healing properties of the
mixtures
Task 4a: Crack healing specimens

The objective of this subtask is to prepare specimens for evaluation of the healing behavior of
asphalt beams with and without the optimum percentage of self-healing polymers. Slab specimens
will be compacted and rectangular specimens with dimensions of 40 mm × 40 mm × 160 mm will
be cut from slab samples. Three rectangular beams will be prepared for each mixture type and will
be used to measure the self-healing efficiency of the samples.


Task 4b: Crack width measurement

In order to monitor the healing of cracks in the different mixtures, various cracks with varying
widths will be monitored, using light microscopy and image analysis. Images will be captured and
analyzed on day 0, day 1, day 2, day 5 and day 6. For self-healing quantification, image analysis
will be performed to calculate crack width for day 0, day 1, day 2, day 3 and day 6.
Healing efficiency will be calculated as follows:
Healing Effeciency =

(initial crack width−crack width after healing)
Initial crack width
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× 100

(1.1)



Task 4c: Strain Energy Ratio (SER)

In order to evaluate the healing efficiency of the prepared beam specimens, a monotonic load will
be applied at the midpoint of the beam in a strain-controlled mode at a rate of 0.25 mm/min.
Loading will be paused after reaching the peak load of the samples. The strain energy of the
samples will be determined as the area under the load-deflection curve up to the peak load. Samples
will be loaded beyond the linear region in order to induce cracks at the bottom of the beams. The
strain energy of the beams will be re-measured after creating the cracks and will be referenced as
the damaged stiffness or day 0 stiffness. Finally, the beam strain energy will be measured after 6
days of healing. Healing will be monitored under two conditionings: room temperature (25 ± 2ºC)
and high temperature (50 ± 2ºC) or UV exposure. A relative comparison of the initial strain energy,
day 0 strain energy, and day 6 strain energy will be used to evaluate self-healing progress in the
beams using the “Strain Energy Ratio (SER):”

𝑆𝐸𝑅 =

Strain Energy at day 6

(1.2)

Initial Strain Energy

In this study, 12 G15T8E UV lamps of 302 nm wavelength will be placed at a 10 cm distance from
the samples to provide a UV radiation intensity of 1 mW/cm2. The UV light set up was fixed based
on the typical intensity of sunlight intensity, which is between 1 to 2 mW/cm2 in wavelengths
below 350-400 nm (Zhao and Yang 2003). A summary of the research approach is presented in
Figure 1.3.
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Production and characterization of Light induced
self-healing polymer

Determining Optimum
percentage of Self-healing
polymer
Rheological Tests
- PG-grading
- MSCR

Self-Helaing Testing

Crack Healing Efficiency

Strain Energy Recovery
Ratio (SER)

Mixture Testing

Semic-Circular Bending
(SCB) Test

Loaded Wheel tracking
(LWT) Test

Thermal Stress Restrained
Specimen Tensile Strength
Test (TSRST)

Figure 1.3. Research approach
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Rheological Testing

Chemical Tests
- FT-IR
- GPC

Performance Tests
- G*
- LAS
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2. LITERATURE REVIEW
Asphalt pavement is the most commonly used pavement in the highways and roads networks, all
around the world. The extensive amount of asphalt pavement construction leads to a significant
amount of energy consumption and CO2 emission. Furthermore, rehabilitation and reconstruction
of asphalt pavements produce a large number of recycled asphalt materials which needs to be
landfilled. Incorporation of the recycled asphalt materials in asphalt pavement construction
decreases its negative environmental impact through a reduction in virgin material consumption.
Furthermore, it leads to a reduction in space required for landfill. However, agencies are facing a
serious challenge with the recycled material application; binder in the recycled asphalt material
has been subjected to severe oxidation during its service life. As a result, recycled binder loses its
elastic properties, become hardened and brittle and therefore, more susceptible to cracking.
During the last decade, different approaches were examined with the aim to reduce the
negative effects of recycled asphalt material and enable the application of recycled asphalt material
in new asphalt pavement construction. Two main recycled asphalt material commonly used are
reclaimed asphalt pavement (RAP) and recycled asphalt shingles (RAS). Based on the report
published by National Asphalt Pavement Association (NAPA) (Hansen and Copeland 2017),
Florida and Michigan had the highest RAP incorporation of 32% in 2016, while this amount is
limited to 20% for Louisiana (Louisiana Standard Specification for Roads and Bridges 2016). In
addition, this number is lower for RAS; in most states maximum allowable RAS percentage is
limited to 5% (West 2010). One of the main reasons for the low percentage of RAP or RAS
application is premature cracking in new asphalt mixes containing recycled material.
Self-healing ability of asphalt binder, which can be defined as the ability to regain its
original properties, has gained a lot of attention as a solution to cracking susceptibility of
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pavements containing recycled materials. Using this ability, the binder is able to repair the
damaged area, close the crack and stop crack propagation. However, the self-repair process of the
binder requires a certain rest period and temperature. On the other hand, polymers have been used
in asphalt mixes to improve pavements performance by increasing resistance to fatigue and thermal
cracking and rutting. Using these two concepts, a new generation of self-healing polymers is used
in this study to improve pavements self-healing properties, while enhancing its mechanical
performance.
This chapter starts with a summary of the binder’s rheology and binder’s aging process.
Then, a review of the selected literature concerning the application of recycled asphalt materials
in asphalt pavement is presented. In section four and five, literature related to polymer modifiers
and self-healing technologies in the asphalt industry is studied. Section six and section seven
explores different rheological, chemical, self-healing and mechanical tests that can be used to
evaluate the effect of self-healing polymer on the properties and performance of the asphalt binder
and asphalt mixture. Finally, a description of the statistical analysis that will be used in this study
is presented in section eight.

2.1 Binder Rheology
Asphalt binder is the residue of refined crude oil, which is attained after the removal of the volatile
components (Zakar 1971). The main constituent of asphalt binder is hydrocarbon molecules (9098%) which are accompanied with a small amount of sulfur, oxygen and nitrogen and some heavy
metals such as nickel and vanadium (Halstead 1985). Based on the type of the crude oil used,
produced asphalt binder may contain different proportions of various hydrocarbon groups (Zakar
1971). Because of the large variability of molecular structure and also variability in crude oil
sources, identification of asphalt binder structure is a very difficult task.
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In an approach, the asphalt binder was classified into four groups based on polarity and
solubility; Saturates, Aromatics, Resins, and Asphaltenes (SARA) (Rahimzadeh 2002). Saturates
are non-polar viscous oils which are consisted of straight and branched-chain aliphatic
hydrocarbons with alkyl-naphthenes and alkyl-aromatics. Aromatics are naphthenic-aromatic
hydrocarbons containing three or four naphthenic rings in their molecule. Aromatics and saturates
are also referred to as oils portion of asphalt binder. The oil portion is in charge of dispersing the
polar agglomerations of resins and asphaltenes. Therefore they are responsible for the fluidity and
viscosity of the asphalt binder. Resins are similar to asphaltenes, semi-solid material (at room
temperature), containing carbon, hydrogen, nitrogen, and sulfur. However, they are not as polar as
asphaltenes and they have a lower molecular weight compare to asphaltenes. Resins are
responsible for the ductility, adhesion, malleability, and plasticity of the asphalt binder.
Asphaltenes are the body of binder and are highly polar hydrocarbons with high molecular weight,
which are surrounded by aromatic molecules with low molecular weight and moderate polarity.
Asphaltenes provide the strength stiffness and the colloidal structure of the asphalt binder
(Química and Física 2010).
The asphalt binder may also be described as high molecular weight asphaltenes, dispersed
in low molecular weight maltenes (saturates, naphthenes aromatics, polar aromatics) (Corbett
1969). In this model, rheological properties of asphalt binder are highly dependent on the
dispersion of asphaltenes in maltenes, in a way that highly peptized asphaltenes present Newtonian
behavior while the low dispersion may lead to non-Newtonian behavior. Structure and quantity of
asphaltenes and maltenes and temperature are influential criteria of binder’s behavior (Anderson
et al. 1991). Furthermore, the binder can be defined by a fluid part (solution) and a structured part
(gelatinous). Sufficient ratio of maltenes to asphaltenes guarantees a solution structure, while the
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lack of aromatic/resin content may lead to a gelatinous structure (Figure 2.2) (Read and Whiteoak
2003). In another model, binder microstructure was described as a Dispersed Polar Fluid (DPF)
model, with molecules with different polarity and sizes distributed in a fluid phase. This model
explains the visco-elastic behavior of the binder by the interaction of molecules (Rahimzadeh
2002).

Figure 2.1. A schematic of asphalt binder different components (Química and Física 2010)
Heteroatoms present in asphalt binders, constitute a small part of asphalt binder, however,
they have a significant effect on the properties of the asphalt binder. For example, oxygen and
sulfur convey polarity to the molecules, generating robust intermolecular interactions. These
interactions contribute to the strength of the asphalt binder and its stiffness. The oxygen content
also impacts the oxidation process during the pavements service life. The oxidation process results
in the formation of different functional groups such as ketones, sulfoxides, and carboxylic acid
(Little et al. 2018).
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Figure 2.2. Schematic representation of SOL and GEL type binders (Read and Whiteoak 2003)
2.2

Binder Oxidation

Asphalt binder is subjected to oxidation during its service life. Oxidation process affects
rheological properties of binder over time and leads to a hardened and brittle binder, which is more
prone to thermal and fatigue cracking. The oxidation process of asphalt binder can be described as
the reaction of different fractions of the binder with oxygen. Saturate fractions are hydrocarbons
with low polarity and low reactivity and therefore, resistance to air oxidation. However, the other
3 remaining groups react with oxygen and form the carbonyl (C=O) and sulfoxides (S=O) groups.
Formation of these functional groups, increase the polarity of the host and make them more likely
to react with other polar fractions (Liu et al. 1998). In other words, a loss of naphthene aromatics
and polar aromatics and a corresponding increase in asphaltenes can be observed as the result of
binder oxidation (Petersen 2009). Increase in asphaltenes to maltenes ratio leads to asphalt
hardening. The chemical change that happens during the oxidative aging of the binder, cause an
increase in both viscous and elastic properties of the binder. The high elastic stiffness of aged
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binder resulted in a binder with high shear stress while high viscosity causes a decrease in stress
relieved by flow (Ruan et al. 2003).
Fourier-transform infrared spectroscopy (FTIR) may be used to study the aging process of
asphalt binder (Yut and Zofka 2011 and Lamontagne et al. 2001). In order to evaluate changes in
asphalt binder chemical composition, FTIR spectra of the unaged and aged samples are analyzed
using two different approaches; qualitative and quantitative approach. In a qualitative approach,
characteristics absorption peaks of functional groups are identified and compared. However, in a
quantitative approach, area bands are studied instead of absorbance peaks. The use of area bands
provides a lower variability and accounts for the vibration from the same type (e.g., C=O vibrations
from a ketone, carboxylic acid, and an ester). A typical FTIR spectrum of asphalt binder obtained
from 3800 to 600 cm-1 band is presented in Figure 2.3 (Yut and Zofka 2011). Based on the bond
area of different functional groups, several indices can be introduced. However, the effect of
oxidation is best represented using carbonyl index and sulfoxide index; defined by the following
equations:
Carbonyl index∶ IC= AR1,600/∑AR

(2.1)

Sulfoxide index∶ IS=AR1,030/∑AR

(2.2)

Where AR1,600 is the band area around 1,600 cm-1, AR1,030 is the band area around 1,030
cm-1 and ∑AR is the sum of all bands (the sum area of the CH2 band and CH3 band, centered
around 1,460 cm−1 and 1,375 cm−1, respectively) (Liu et al. 2013). Liu et al. reported a significant
increase in carbonyl and sulfoxide indices as a result of different aging conditions. The carbonyl,
sulfoxide, and reference group used by Liu et al is presented in Figure 2.4.
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Figure 2.3. Asphalt binder components on an FT-IR spectrum in (a) between 3800 and 2600 cm-1
and (b) between 1800 and 600 cm-1 (Yut and Zofka 2011)

Figure 2.4. Definition of carbonyl and sulfoxide indices (Liu et al. 2013)
Yao et al. (2015) used FTIR to identify and study changes in different functional groups of
asphalt binder caused by the aging process. A PG 58-34 with three different nano modifiers
(polymer modified nanoclay, nonmodified nanoclay, and nanosilica) were used in this study. The
aging process was performed using RTFO and PAV procedures. Six different functional groups in
the asphalt binder contain carbonyl groups; carboxylic acids, aldehydes, amides, anhydrides,
esters, and ketones (Figure 2.5). Six aging index was calculated as the ratio of each band
(carboxylic acids bands between 1720 and 1700 cm-1, aldehydes bands between 1735 and 1720
cm-1, amides bands between 1660 and 1645 cm-1, anhydrides bands between 1775 and 1750 cm-1,
esters bands between 1750 and 1736 cm-1, and ketones bands between 1700 and 1685 cm-1) divided
22

by the area if the spectral bands between 2000 and 600 cm-1. Results showed that the RTFO and
PAV aging process caused an increase in all six carbonyl groups. However, the increase in
carboxylic acids and ketones index caused by the aging process were more significant (Yao et al.
2015).

Figure 2.5. Carbonyl groups present in asphalt binder (Yao et al. 2015)
Aging process of asphalt pavement is also affected by the ultraviolet (UV) radiation. UV
aging is usually restricted to superficial layers, nevertheless, it may affect the properties of the
asphalt mixture. However, no standard is developed for the UV aging method and no
characterization method is considered for UV aged samples. Studies performed during the last
decade showed that the effect of UV aging decrease with an increase in the depth of the sample.
On the other hand, the depth of penetration increase with an increase in the UV duration (Hu et al.
2018). Hu et al (2018) conducted a study to examine the relationship between UV exposure and
UV aging depth. Aging was performed using a 500 W UV lamp with a wavelength of 365 nm
providing UV radiation of 10 W/m2. The result demonstrated that when UV duration was increased
to more than 50 h, partial UV radiation passes through the selected 13.1 µm thickness (Hu et al.
2018).
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2.3

Recycled Asphalt Materials

Recycled asphalt materials application in the asphalt pavement industry was introduced as a
sustainable approach to reducing negative environmental impact and overall cost of asphalt
pavement production through a decrease in virgin material consumption. Two main sources of
recycled asphalt material are Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt Shingles
(RAS).
2.3.1

Reclaimed Asphalt Pavement (RAP)

More than 90% of roads and highways in the United States is constructed with asphalt pavement
(Copeland 2011). Maintenance, rehabilitation, and reconstruction of this pavement network lead
to a huge amount of Reclaimed Asphalt Pavement (RAP) which needs to be landfilled. Since RAP
consists of asphalt binder (around 5%) and aggregate (around 95%), it is 100% recyclable. Based
on a recent report published by NAPA, asphalt pavement recycling may save $1.8 billion each
year, while preserving acres of landfill space. According to this study, in 2016, 76.9 million tons
of RAP was used in the construction of new asphalt pavements and another 3.7 million tons was
used as an aggregate (“Recycling & Energy Reduction” 2017). However, 100% of recycling hasn’t
been achieved yet, mostly due to the effect of RAP on the durability of new pavement constructed
with recycled material. Based on an asphalt pavement survey, performed by NAPA, highest
average RAP percent in 2016 was 32%, in Florida and Michigan, while Louisiana has a 19%
average RAP usage (Hansen and Copeland 2017).
The challenge with RAP application is aging of the binder during its service life, which
results in a hardened and brittle binder with higher crack susceptibility. Aging of the Asphalt
pavement occurs in two phases; short-term aging and long-term aging. Short-term aging happens
during the production and transportation of the asphalt mixture and is caused mostly by the loss of
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volatile components at high temperature. Oxidation, which is the chemical reaction of the binder’s
component with atmospheric oxygen, starts during the production of asphalt pavement and
continues during its service life.
Hot mix asphalt is 100% recyclable, however, in most of the states, the allowable
percentage of RAP incorporation is around 20% (Hansen and Copeland 2017). The stiff binder in
RAP can cause premature fatigue and thermal cracking. Furthermore, there is a concern about the
blending of recycled binder and virgin binder. An important step in RAP application is to
determine different properties of RAP, such as binder content, binder viscosity, and aggregate
gradation. Two different approaches can be used for identifying the binder content of recycled
asphalt materials; the ignition oven (AASHTO T308) or solvent extraction (AASHTO T164) test.
Binder obtained from extraction method can be used for further evaluation of rheological
properties of the binder.
Ongel and Hugener (2014) studied the effect of different variables such as temperature
humidity, aging duration, the concentration of oxygen and thickness of the sample on the loose
asphalt aging. A ratio of the logarithm of aged complex modulus to the logarithm of unaged
complex modulus was used as an aging index. Aging was stopped when the air was replaced with
nitrogen, however, an increase in the aging index was observed with an increase in the airflow or
oxygen concentration. Further increase in the aging index was observed with a 10°C increase in
temperature. The relation between the aging index and aging duration can be presented by a
hyperbolic curve, which shows rapid aging at the early stages of samples life followed by lower
aging in the service life. They also stated that humidity slows down the aging process and layer
thickness doesn’t have any effect on the aging of the samples (Ongel and Hugener 2014).
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Bowers et al. (2014) examined the blending efficiency of RAP using GPC and FTIR. GPC
characterizes asphalt binder blends by separating its molecules based on their sizes, and by
providing a molecular weight distribution of the binder blend components. Aging and oxidation
of the asphalt binder lead to an increase in the number of large molecules (LMS) in asphalt.
Consequently, the higher the number of high weight molecules, the worse the binder is. FTIR
evaluates binder performance by analyzing functional groups of a sample. Aging of asphalt binder
can be monitored through the changes in the carbonyl group (C=O) and sulfoxide group (S=O).
They compared the results for virgin mixtures, RAP samples obtained from field and RAP blends,
and using staged extraction. GPC and FTIR results, both showed blending happens within all
layers of pavement, however, it wasn’t completely uniform. Also, they stated that FTIR can be
more effective in identifying the aging properties of asphalt mixtures layers (Bowers et al. 2014).
Hussain and Qui (2013) evaluated the effect of RAP on the rheological properties of asphalt
binders. They obtained their RAP samples from two different sites with 5.05% and 5.57% binder
content. Samples were subjected to severe aging and weathering conditions. After completing the
extraction process, the extracted binder was blended with a virgin binder by 6 different ratios.
Later, rheological tests such as DSR, BBR and RV tests were conducted on prepared samples.
Results showed that an increase in the percentage of RAP caused an increase in the stiffness of the
binder blend at high and intermediate temperature. Results from BBR testing demonstrated that
creep stiffness at low temperature increases with the addition of RAP. Viscosity and critical
temperature of the blends were also increased by the addition of RAP and an increase in the
percentage of RAP. It should be mentioned that due to the difference in RAP sources and RAP
aging and weathering conditions, complete rheological tests should be performed to identify
properties of the asphalt binder in the RAP for future applications (Hussain and Qiu 2013).
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Noferini et al. (2017) studied the properties of binder blends prepared with a virgin binder
and different percentages of RAP (0, 10%, 20%, and 30% RAP). Binders were extracted from
samples that were previously used for fatigue testing. Extracted binders were tested using standard
characterization, dynamic viscosity and rheological analysis with DSR. Results showed an
increase in softening point and viscosity and a decrease in penetration grade. Addition of 10%
RAP to the binder blends didn’t cause a significant increase in viscosity, while 20% or higher RAP
resulted in a significant increase. It was stated that the increase in RAP percentage leads to increase
in temperature susceptibility of the binder. DSR results presented an increase in the elastic
behavior of the binder blends due to RAP application. Finally, they concluded that addition of 10%
RAP didn’t have any influence on the rheological performance of the binder, while 20% or higher
RAP content leads to significant changes in binders behavior (Noferini et al. 2017).
Izaks et al. (2015) tested the effect of RAP on the performance of asphalt mixture using
different mechanical tests. RAP was acquired from two different sources and added to the Hot Mix
Asphalt (HMA) mixture with two different percentages of 30% and 50%. Control samples were
prepared without any recycled material. Since a high percentage of RAP (>25%) was used, after
extraction, physical properties of the aged binder were examined. Samples containing RAP were
produced in a way to have similar properties as the control sample. Results showed that the
addition of RAP didn’t affect volumetric and mechanical properties of the mixture, based on
Marshall stability and flow as a rutting indicator. Wheel tracking test results concluded that
mixtures containing RAP had a higher rutting resistance, while beam fatigue test results,
demonstrated a decrease in fatigue resistance (Izaks et al. 2015).
Yu et al. (2017) examined the effective blending of virgin binder and RAP binder in the
asphalt mixtures. When mixtures prepared with different percentages of RAP, usually a 100%

27

blending between the virgin binder and RAP binder is assumed. However, such an assumption can
be considered unreasonable. In their study, mixtures were prepared using a PG 64-22 binder, and
three different percentages of RAP (20, 40, and 60%). The blending of virgin and RAP binder was
evaluated using a gap graded blending method and based on the performance of the binder. In the
gap-graded blending approach, fine RAP mixture was mixed with coarse virgin aggregate and
virgin binder. In the case of total blending, the properties around fine and coarse aggregate should
be similar. A higher difference is a representation of lower blending. Individual binder properties
used for examining the binder extracted from mixtures. Rutting was evaluated using G*/sin δ and
Jnr, while G*.sin δ and fracture energy were used for fatigue performance. Results confirmed the
partial blending. It was also stated that blending is affected by the ratio of virgin binder to RAP
mixture. For the low percentage of RAP (20%), properties are close to the virgin binder. However,
results showed that Jnr is sensitive even to low percentages of RAP. In addition, it was stated that
the application of recycling agent can significantly improve blending of the virgin and RAP binder.
Results for a higher percentage of RAP (60%) confirmed that considering a complete blending
introduces errors into the results, and a blending ratio can be used to correct the effects. They also
developed a modified blending chart to predict the PG of mixtures with higher RAP usage (Yu et
al. 2017).
In another study, Winkle et al. (2017) used higher percentages of RAP to construct Iowa’s
state highway. They used 30, 35.5, and 39.2% of RAP, while the maximum allowed percentage in
Iowa is 15% for classified RAP. The rheological tests conducted on the extracted binder from
different sections showed that PG of the virgin binder (PG 64-28) was changed to PG 76-22, PG
76-16, and PG 82-16, respectively for 30, 35.5, and 39.2% of RAP incorporation. Rutting
performance of the field mixtures was evaluated using a Hamburg Wheel Tracking Test. Results
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demonstrated a rut depth of less than 3 mm. For cracking performance, a Semi-Circular Bending
test was performed at -18°C and -30°C. With the increase in RAP percentage, a decrease in the
fracture energy was observed. In addition, they conducted a condition survey, after 8 and 27
months. The section with 39.2% RAP showed the best performance in the first survey, however,
its rate of deterioration increased after that. For the second survey, all sections showed similar
performance (Winkle et al. 2017).
2.3.2

Recycled Asphalt Shingles (RAS)

Asphalt roofing materials (shingles, built-up roofing, and torch down roofing), are also an
important source of recycled asphaltic materials. Shingles consist of asphalt binder (19-36%),
crushed aggregate (20-38%), fibers (10-20%) and mineral fillers (Willis 2016). Two main parts of
recycled asphalt shingles, asphalt binder, and granules make it a suitable replacement for virgin
materials in the construction of new pavements. Each year, 11 million tons of shingles are
produced. This amount of waste material requires 22 million cubic yards of space to be landfilled.
Incorporation of RAS in hot mix asphalt pavement construction may lead to a decrease in
environmental impacts of pavement industry, an improvement in rutting resistance and a decrease
in the overall cost of pavement (Willis 2016). It was reported that RAS application in pavement
industry may lead to a 9-12% decrease in greenhouse emission produced by road construction
(Analysis of Recycling of Asphalt Shingles in Pavement Mixes from a Life Cycle Perspective 2013).
Another issue with RAS is related to its production process. In order to produce shingles,
fiberglass sheets are covered in air-blown asphalt binder. Airblown asphalt binder has a
significantly high stiffness compared to conventional asphalt binders. After stabilizing fiber and
binder, the second layer of air blown asphalt binder is applied on both sides. Finally, granules are
used to cover the top side of shingles for protection against sunlight and physical damages. In some
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cases, chemicals are also added for preventing algae growth (Willis and Turner 2016). It should
also be mentioned that the properties of RAS may change based on the manufacturer and
application. Figure 2.6 presents a typical structure of asphalt shingles.

Figure 2.6. Asphalt shingles components (Willis and Turner 2016)
Based on AASHTO PP 78, “Design Considerations When Using Reclaimed Asphalt
Shingles (RAS) in Asphalt Mixtures”, rheological properties of recycled binder in RAS should be
examined. However, due to extreme stiffness of extracted binder from RAS, difficulties were
reported performing the DSR on the mentioned binder (Newcomb et al. 1993). Recycling agents
such as softening agents or rejuvenators were introduced to soften the hardened binder.
Cooper et al. (2015) tested properties of asphalt mixtures prepared with or without RAS
and rejuvenators. They used post-consumer waste shingles (PCWS). Five different mixtures
prepared for this study, control mixture with a PG 70-22M binder, no RAS and no rejuvenator,
mixture with 5% RAS and no rejuvenator, the third and fourth mixtures had 5% RAS and
Hydrogreen and Cyclogen-L as rejuvenators. The last mixture was prepared with a soft binder (5228) and 5% RAS. Volumetric and densification criteria were used to determine the optimum
percentage of rejuvenators. Dynamic modulus was performed to examine the viscoelastic
characterization of the mixtures, while SCB and TSRST were conducted to evaluate intermediate
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and low temperature cracking. Furthermore, the LWT test measured the permanent deformation
of the samples, while examining the sample’s moisture susceptibility. Results indicated that the
performance of mixtures containing 5% RAS didn’t change at high, intermediate and low
temperature. In addition, incorporation of RAS improved rutting resistance of samples without
affecting their moisture susceptibility. Finally, the addition of recycling agents increased recycled
binder ratio. Consequently, the performance of mixtures at intermediate and the low temperature
was negatively affected (Cooper et al. 2015a).
Cascione et al. (2015) conducted tests on field and laboratory RAS mixtures collected from
seven different transportation agencies (Missouri, Iowa, Minnesota, Indiana, Wisconsin, Colorado,
and Illinois). Rheological properties of extracted RAS were evaluated. Additionally, they
evaluated fatigue cracking, permanent deformation and low-temperature performance of the
collected samples. In their study, different properties of RAS, such as grain size, source,
percentage, and RAS with ground tire rubber was considered. Effect of RAS grain size and
replacement of RAP with RAS was studied by Missouri. Iowa examined the increase in the
percentage of RAS. Minnesota investigated compared post-consumer RAS with post-manufacturer
RAS. Effect of replacing RAP with RAS and producing RAS at reduced plant temperature was
investigated in Indiana. Effect of using WMA additives for mixes containing RAS was studied by
Wisconsin. The Colorado, evaluated effects of replacing 5% RAP with 3% RAS. Illinois examined
the effect of RASs fibers. They also compared the results from field samples with laboratory
samples, and a mixture containing ground tire rubber with polymer modified binders. In
conclusion, it was stated that mixtures containing RAS can be successfully produced to meet
agencies requirement such as asphalt content, gradation and volumetric. It was stated that addition
of RAS caused an increase in the high and low-temperature performance grade of the binder; for
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1% increase in RAS and RAP, the high-temperature grade of the binder was increased for 1.9°C
and 0.3°C, respectively. As it was expected rutting performance of the mixture was improved with
the addition of RAS or RAS/RAP. Results from the four-point bending test demonstrated that all
mixtures had acceptable fatigue cracking performance. SCB results concluded that the required
fracture resistance can be obtained in mixtures containing RAS, but it should be considered that
combination of RAP and RAS and high asphalt binder can negatively affect cracking performance
(Cascione et al. 2015).
Elseifi et al. (2016) used MSCR and LAS to evaluate the effect of RAS on the rutting and
fatigue properties of the binder. Furthermore, they used the FTIR and SARA fraction analysis to
study the effect of shingles on the chemical structure of the binder. In order to improve blending
of the RAS binder with a virgin binder, they suggested the wet process. In this process, blending
is conducted at a high temperature and under constant agitation. MSCR results showed an increase
in percent recovery and rutting performance with the addition of RAS, while LAS results
confirmed improvement in fatigue cracking resistance. Results were unexpected since air blown
binder from RAS is extremely stiff. FTIR results demonstrated that with the addition of RAS to
the virgin binder, an increase in asphaltenes and a decrease in maltenes was observed (Elseifi et
al. 2016).
Arnold et al. (2014) examined low temperature performance of mixtures containing
different percentages of RAS (0%, 2.5%, 5%, 7.5%, 10% and 12.5%) and mixed at three different
temperatures (120°C, 155°C and 200°C) using DCT and acoustic emission (AE) tests. The
gyratory compactor was used to prepare DCT samples. Broken DCT samples were then used for
AE tests. DCT, measured fracture energy of samples by calculating the normalized area under the
load- crack mouth opening displacement curve. AE, measured embrittlement temperatures by
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recording the AE samples response to thermal cooling from 15°C to -50°C. Results showed that
the addition of RAS caused a decrease in fracture energy and an increase in peak load measured
from DCT. AE result also demonstrated that mixtures containing RAS had a warmer embrittlement
temperature. Furthermore, they stated that increasing mixing temperature resulted in a lower
embrittlement temperature (Arnold et al. 2014).
In another study, Im et al. (2014) observed the mechanical properties of mixtures
containing 5% RAS, 19% RAP, and 5% RAS+13% RAP, with or without rejuvenators. Virgin
binder PG 64-22 and 3 different commercial rejuvenators were used in this study. Mixtures were
tested using Hamburg test, overlay test, repeated load test, and dynamic modulus. Furthermore,
they performed a simple cost analysis. The result showed that rejuvenators were able to reduce the
stiffness of the mixtures and as a result, all mixtures had acceptable cracking performances.
Moisture susceptibility and rutting resistance of the samples were also improved with the addition
of asphalt recycled material and rejuvenator. The simple cost analysis performed confirmed that
rejuvenator application may be a cost-effective approach for improving the performance of the
mixtures containing recycled materials (Im et al. 2014).
Aguirre et al. (2017) examined the application of RAS in the construction of new pavement
as a sustainable approach. The post-consumer waste shingle was added to the mixture prepared
with a polymer-modified binder (PG 70-22M), with 5% weight of the mix. Four different
rejuvenators were evaluated in this study, with the aim to improve the properties of the mixtures
containing RAS. Test conducted were dynamic modulus, SCB test, and the Hamburg wheel
tracking test. Furthermore, the chemical composition of the extracted binder from SCB samples
was tested using high-pressure gel permeation chromatography (HP-GPC). Finally, the rheological
properties of the extracted binders were tested based on Superpave performance grading. Mixtures
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presented acceptable rutting performances based on LWT results. Moisture susceptibility of
mixtures wasn’t affected by the addition of RAS and rejuvenators. However, SCB results stated
that intermediate temperature cracking susceptibility of the mixture was increased by the addition
of rejuvenators to the mixtures. One of the rejuvenators was able to recover original grading of the
binder before adding RAS, but the mixture failed at cracking test (Aguirre et al. 2017).
Zhao et al. (2013) used GPC to study the blending efficiency of RAS. Blending efficiency
was evaluated by investigating the correlation between rheological properties of different binder
blends with the percentages of large molecules (LMS) obtained from GPC. In their investigation,
they study the effect of RAS content, aggregate size, and mixing time on the acquired blending
efficiency. The extracted binder from RAS was mixed with PG 64-22 virgin binder in different
proportions. Prepared blends were tested using DSR and GPC. Mixtures were prepared to mix
aggregates with three distinctive sizes with RAS and virgin binder. later, the binder was extracted
from mixtures, and the percentages of LMS was compared for mixtures with different sizes of
aggregate. The result showed a high correlation between LMS and G*. In addition, they stated that
a better blending was achieved by increasing the mixing time, while aggregate size didn’t have a
significant effect on the blending. The ratio of the percent LMS for mixture with larger aggregate
to mixtures with smaller aggregates increased to 5% RAS and then a decrease was observed.
Therefore, they concluded that the most efficient blending was achieved at 5% RAS by weight
(Zhao et al. 2013).
2.4

Polymer Modifiers

Polymers have been used in the pavement industry to improve the performance of the asphalt
pavement. Using polymer modifiers may lead to an improvement in the performance of the
pavement against rutting, thermal cracking and fatigue cracking. It can also, decrease pavements
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moisture susceptibility and stripping. Furthermore, polymers enhance the elastic behavior of the
asphalt binder by providing higher elastic recovery and greater ductility (Yildirim 2007).
Lewandowski (1994), described the main reasons for polymer modification as; (1) improve lowtemperature cracking by softening the binder at low service temperature, (2) reduce rutting by
providing stiffer binder at high temperature, (3) reduce viscosity, (4) increase strength of the mix,
(5) increase abrasion resistance, (6) increase fatigue resistance, (7) decrease oxidation and aging,
(8) decrease structural thickness of pavement, and (9) decrease life-cycle cost of the pavement
(Lewandowski 1994).
Factors such as the properties of the binder, characteristics of the polymer, the content of
the polymer, the physical form of the polymer, and mixing procedure are important in defining
properties of the produced polymer modified binder. Based on the polymer content, three different
cases can happen. In low polymer content (less than 4%), the binder is the continuous phase and
polymer is dispersed in a binder. In this case, cohesion and elasticity of the modified binder are
improved. The stiffness of the polymer is higher at high temperature, and therefore, the mechanical
properties of the binder are improved at a high temperature. On the other hand, at low temperature,
polymers stiffness is lower than the binder, and consequently, brittleness is reduced. In conclusion,
polymer modification with less than 4% polymer content increase the useful temperature range. In
the 5% polymer content, binder and polymer phases are continuous and interlocked, which is a
complicated case that is hard to control. When polymer content is higher than 7%, the polymer
acts as the matrix phase. Therefore, the polymer is the continuous phase and the binder is dispersed
in the polymer. Properties of the polymer-modified binder with 7% and the higher polymer are
highly dependent on the properties of the polymer (Becker et al. 2001). Zhu et al. (2014) suggested
that the polymer content should be selected in a way that polymer modified binder acts as two
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interlocked continuous phases. This will lead to an improvement in mechanical properties and
storage ability of binder while keeping it cost-effective (Zhu et al. 2014).
Polymers used in the modification of binder can be divided into two groups of plastomers
and thermoplastic elastomers. Polyethylene (PE), polypropylene (PP), ethylene-vinyl acetate
(EVA), ethylene butyl acrylate (EBA) are examples of plastomers used in asphalt binder
modification, while Styrene-butadiene-styrene (SBS), styrene-isoprene-styrene (SIS) and styreneethylene/butylene-styrene (SEBS) are thermoplastic elastomers (Zhu et al. 2014). SBS acts like a
rubber band and increases the elasticity of the binder, therefore it’s categorized as elastomers. EVA
increases the stiffness of the binder similar to hard plastic, as a result, it’s plastomer (Becker et al.
2001).
Two different mixing procedure is used in the production of polymer-modified asphalt
binder; adding latex polymer and adding solid polymer to the binder. The first method is easy,
while the latter method requires a specific amount of mixing and shearing for a uniform
distribution of polymer in the binder. Parameters affecting the mixing of the binder and polymer,
are characteristics of polymer (e.g. type and molecular weight), the physical form of polymer (e.g.
powder, pellets, and crumbs), characteristics of the binder, type of mixing equipment, duration and
temperature of mixing (Becker et al. 2001).
Challenges of polymer modification are reported as high cost, high-temperature sensitivity
in some cases, low aging resistance and limited improvement in elasticity. Binder oxidation and
polymer degradation is the main cause of aging tendency (Ouyang et al. 2006). Next issue is related
to the compatibility of binder and polymer properties such as density, molecular weight, polarity,
and solubility. Poor compatibility of binder and polymer may lead to poor storage ability (Wang
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et al. 2010). In addition to the technical aspect of polymer modified binder, the overall cost of it is
of great importance.
It should be mentioned that, since usually, 90% of the polymer-modified binder is the base
binder, its properties are really important in the final properties of the polymer-modified binder.
Selecting a base binder with good qualities can significantly help with enhancing the performance
of the polymer-modified binder (Zhu et al. 2014). Styrene-butadiene-styrene (SBS), styrenebutadiene rubber (SBR), rubber, Elvaloy, ethylene-vinyl acetate (EVA), and polyethylene are
some examples of polymers that have been used in asphalt pavement industry (Yildirim 2007).
2.4.1

Styrene-butadiene-styrene (SBS)

SBS is the most common copolymer that has been used in the asphalt pavement industry. SBS
consists of rigid polystyrene (PS) dispersed in the flexible polybutadiene (PB) matrix. Glass
temperature of PS and PB are respectively 90ºC and -80ºC. Therefore, in the usual service
temperature of asphalt pavement, PS blocks are glassy and therefore enhancing the strength of
polymer while PB blocks are rubber and improve elasticity. PS blocks are cross-linked in ambient
temperature (enhance strength). These blocks disappear with an increase in temperature, however,
they reform by cooling down, providing strength and elasticity. When SBS polymer is added to
the binder, intermolecular interactions occur between PS and PB blocks and binder. Due to this
reaction, binder-rich phase and SBS-rich phase occur. The SBS-rich phase leads to an increase in
the complex modulus and viscosity of the binder while enhancing its elastic properties (Zhu et al.
2014). In spite of its advantages, SBS has poor compatibility with a binder.
Airey (2003) reported that asphaltenes and thermoplastic elastomer are both interested in
absorbing lightweight components. In the case of low lightweight components, phase separation
occurs. He tested six different binder blends prepared with two different binders and 3 different
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percentages (3%, 5%, and 7%) of SBS, mixed using a high shear laboratory mill (Airey 2003). A
report presented by the Florida Department of Transportation studied the effect of SBS modifiers
on cracking performance and self-healing properties of the Superpave asphalt mixes. Results
showed that SBS modifiers increased the cracking resistance by decreasing the rate of micro-crack
accumulation. However, it didn’t have an effect on healing or aging properties of the mix (Roque
et al. 2004).
An important factor in polymer modified binder is storage stability or low phase separation
which happens due to the lack of chemical interaction between the polymer and asphalt binder. Lu
et al. (1999), studied the phase separation of SBS modified asphalt binder using a hot storage test.
Prepared samples were poured into an aluminum tube and put in an oven with a temperature of
180°C for three days. Next, samples were placed in an environment with a -10°C temperature after
which samples were removed and cut to three pieces. Samples cut from the top and bottom were
further characterized using tests such as softening point, dynamic mechanical analysis,
fluorescence microscopy, and FTIR (Lu et al. 1999).
2.4.2

Styrene-butadiene-rubber (SBR)

SBR is another commonly used binder modifier which is utilized as a dispersion in water. SBR
has been used in asphalt pavements and seal coats. Results showed that ductility was improved at
low-temperature, elastic recovery and adhesive and cohesive characteristics of the binder was
improved, finally, the viscosity of the binder was increased. Furthermore, the rate of oxidation was
decreased. The advantage of latex is that, since particles are small, they are dispersed uniformly
(Roque et al. 2004).
Type and percentage of the polymer can affect rheological properties of asphalt binder such
as shear, loss and storage modulus under different aging conditions. Tarefder and Yousefi (2016)
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studied the performance of polymer modified binder under three different aging condition of shortterm aging (RTFO), long-term aging (PAV), and intermediate aging (using a draft oven). The
modified asphalt binders were prepared by adding 3, 4, and 5% SB and SBS polymers to PG 5828 and tested using RV, DSR, BBR, and MSCR. Results showed that aging process led to an
increase in storage component compare to the loss component of the complex shear modulus. In
addition, the increase in the percentage of polymer reduced the aging process for both polymer
application (SB and SBS) with SB modified binder showed better performance against aging
(Tarefder et al. 2016).
2.4.3

Elvaloy

Elvaloy, which is ethylene glyceryl acrylate (EGA) terpolymer, is also used as a modifier in the
asphalt pavement industry. Elvaloy has a chemical reaction with asphalt binder and as a result
separation issue during the storage and transportation is evaded (Becker et al. 2001). Witczak et
al. (1995), examined the effect of Elvaloy on the performance of the asphalt mixture. They used
two different grade of binder and three different percentages of Elvaloy (0%, 1.5%, and 2%).
Results showed a reduction in moisture susceptibility and deformation caused by repeated load
permanent deformation (Witczak et al. 1995).
2.4.4

Crumb Rubber Modifiers

In order to reduce the cost of polymer modification of asphalt binder, cheap waste or byproduct
polymeric materials such as waste rubber or waste plastic can be used as modifiers. Asphalt rubber
or crumb rubber modification is referring to the application of recycled tire rubber in the asphalt
pavement industry. Using recycled rubber in the asphalt industry may lead to a decrease in the
overall cost of the pavement while reducing the space required for landfill of used tires.
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Incorporation of rubber in asphalt mix can increase rutting resistance and ductility, however, it is
sensitive to decomposition and oxygen absorption (Becker et al. 2001).
Recycled Tire Rubber (RTR) can also be used to produce polymer modified asphalt
pavements. In order to use the RTR in the asphalt industry, it is shredded to a smaller size to
produced ground and crumb rubber. Specific procedures such as ambient grinding, wet grinding,
and cryogenic grinding, can be used to produce the crumb rubber modifier (CRM) (Lo Presti
2013). Wet grinding use water spray to decrease the rise in the temperature during the milling,
while the cryogenic grinding decrease the temperature to a temperature lower than the glass
transmission temperature. Next, frozen tires are broken to small pieces using an impact-type mill.
Produced crumb rubber has been used in the asphalt pavement industry such as chip seal coat,
underseal, hot mix asphalt, and porous friction course (Shu and Huang 2014).
Interaction of crumb rubber and asphalt binder includes swelling and dissolution; two
opposite mechanisms that happen at the same time. Crumb rubber particles absorb the light
fraction of the asphalt binder and swells. This is more of a physical reaction rather than chemical
and leads to swelling of the crumb rubber particles to three times of the initial size. The increase
in the size of the rubber particles, lead to a decrease in the distance of the particle and therefore,
an increase in the viscosity. However, dissolution only occurs if the temperature is too high or the
mixing time is too long. In this condition, depolymerization (breakage of the polymer chain) and
devulcanization (cleavage of the cross-linked bonds) of crumb rubber particles are observed. As a
result, crumb rubber particles are dissolved in the asphalt binder and reduce the binder’s viscosity
(Figure 2.7). Factors such as crumb rubber size, type composition, its compatibility with a binder,
and the mixing process (shear rate, temperature, duration) highly affect the interaction between
asphalt binder and crumb rubber (Shu and Huang 2014).
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Figure 2.7. Depolymerization of crumb rubber modified binder under high temperature (Shu and
Huang 2014)
Crumb rubber can be used in asphalt mixtures containing RAP. Xiao et al. (2012),
investigated the application of crumb rubber and RAP using the Superpave mixing design
procedure. In their study, two type of crumb rubber (ambient and cryogenic), four percentages of
crumb rubber (0%, 5%, 10%, and 15%), and four RAP percentages (0%, 15%, 25%, and 30%)
were used. Crumb rubber mixed with a virgin binder using a mechanical mixer proving the speed
of 700 rpm, at 177°C for 30 min. with respect to the optimum binder content, increasing the RAP
content for mixtures containing crumb rubber led to a decrease in the optimum binder content and
the VMA. However, the increase in crumb rubber content caused an increase in the optimum
binder content. They stated that both crumb rubbers showed good workability however, the
ambient one demonstrated a better correlation with a modified binder in the Superpave mixture
design. In conclusion, they stated that the Superpave design procedure is appropriate for rubberized
mixtures containing RAP (Xiao et al. 2012).
In another study, Xiao et al. (2010) examined the effect of RAP and crumb rubber on rutting
resistance and moisture susceptibility of the asphalt binder. Results showed an improved rutting
performance. For the moisture susceptibility, they concluded that RAP decreased the moisture
susceptibility while the addition of crumb rubber had negative effects. For fatigue cracking
performance, when only crumb rubber was added to the mixture, aging resistance and therefore,
fatigue performance of the mixture was improved. However, when it was added to the asphalt
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mixture with 30% RAP, no significant improvement in the fatigue resistance was observed (Xiao
and Amirkhanian, 2010).
In order to meet Louisiana’s need for polymer modified binder, rubberized asphalt mixture
was suggested as a replacement. Mohammad et al. (2011), studied the effect of crumb rubber (CR)
in HMA mixtures prepared using three different asphalt binders; an unmodified binder (PG 6422), two SBS modified binders (PG 70-22M, and PG 76-22M), and a CR modified PG 76-22M
(9% CR). Two methods of blending were used in this study; wet and dry process. RAP was
incorporated into the mixtures with at two percentages of 15 and 40. Performance of the prepared
asphalt mixtures was evaluated by performing the dynamic modulus, LWT test, SCB test, the
modified Lottman test, and the dissipated creep strain energy test. Results from the rheological
tests conducted on the extracted binder showed that CR addition led to a decrease in the viscosity
of the binder extracted from mixtures containing RAP. With respect to the moisture susceptibility,
CR demonstrated negative effects for CR modified mixture, while mixtures containing RAP and
CR had acceptable performance. Furthermore, RAP improved the rutting performance of the
mixture while negatively affected the cracking resistance. Finally, CR modified mixture containing
RAP presented the lowest cracking resistance (Mohammad et al. 2011).
Mohammad et al. (2017) conducted a study to evaluate the laboratory performance of the
rubberized asphalt mixture and compare the result to polymer modified asphalt mixtures.
Furthermore, a test section was constructed using the rubberized asphalt mixture. Samples were
collected from the constructed section. Results were compared to the samples from the section
built using the conventional asphalt mixture. The modified lottman test, the LWT test, and the
SCB test were conducted on the prepared samples. Six different mixtures were prepared; three
control mixtures were prepared using PG 64-22, PG 70-22M, and PG 76-22M, without crumb
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rubber or RAP. The fourth mixture was prepared using a rubberized binder (76CRM). The next
two mixtures were prepared with PG 76-22 and 15% RAP and PG 64-22 with 40% RAP and crumb
rubber. Field testing was conducted in Louisiana accelerated loading facility (ALF). Three courses
were constructed, the first section contained asphalt rubber in wearing course, the second course
had rubber in the base course, and the third section did not have any rubber. Crumb rubber
modified mixture showed an acceptable rutting performance with results close to SBS modified
mixture. In addition, the cracking performance of the crumb rubber modified mixture was higher
than the minimum Jc threshold. Crumb rubber modification negatively affected the moisture
susceptibility of the mixtures. Finally, ALF testing concluded that crumb rubber modified mixture
had an acceptable performance and can be used as a pavement surface in Louisiana (Mohammad
et al. 2017).
2.4.5

Polyurethane

Polyurethane is produced by reacting the aliphatic diisocyanate with a polyol which contains
hydroxyl groups. An illustration of the urethane group produced by the reaction between the
hydroxyl group and an isocyanate group is presented in equation 2.3. Some of the most commonly
used isocyanates are toluene diisocyanate (TDI) and diphenylmethane diisocyanate (MDI).
Polyurethane has been used widely in different industries such as insulation and disposable
packaging. Some advantages of polyurethane can be listed as a lightweight, fast reaction time and
high expansion (Karve et al. 2016).
R1NCO + HOR2  R1NHCOOR2

(2.3)

Polymer modifiers in asphalt pavement can be divided into two groups of passive
(dispersed) and reactive modifiers. Dispersed modifiers (e.g. SBS, SBR, EVA and PE) are the
most common polymer modifiers. Addition of these modifiers to the asphalt binder does not create
a polymer network, resulting in the storage ability and phase separation challenges. On the other
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hand, polymer modified binder prepared by the reactive modifiers (e.g. PPA and sulfur) contains
the chemical bond between the asphalt binder and polymer. The reactive polymer can react with
specific fractions of the asphalt binder and omit the issues with the phase separation. One of the
reactive agents used as an asphalt modifier is –NCO terminated pre-polymer in which –NCO
groups react with polar groups in asphaltenes such as –OH and –NH and produce urethane and
urea linkage. Bio-oils such as castor oil can be used as a polyol to produce the pre-polymers for
asphalt binder modification. This will lead to environmental friendly modifiers with renewable
sources and lower cost. A schematic of the castor oil and MDI reaction is presented in Figure 2.8
(Química and Física 2010).

Figure 2.8. Schematic of MDI-CO (Química and Física 2010)
Bazmara et al. (2018), studied the application of thermoplastic polyurethane (TPU) and
synthesized polyurethane (PU) as asphalt modifiers. TPU is an elastomer which contains
thermoplastic properties while they synthesized the PU using polyol and isocyanate. Modifiers
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were added to the binder with three different percentages of 3%, 5%, and 7%. TPU and PU were
mixed with a binder using a high shear stirrer with 4,000 rpm, at 175°C for 1h. The third set of
binder blends were prepared by adding 3%, 5%, and 7% synthesized polyurethane followed by 2
wt % water addition. In this case, the polyol and isocyanate reacted at 2000 rpm. Next, it was
mixed with a binder at 4000 rpm followed by mixing at 2,500 rpm for 1 h. The water added to the
binder react with the isocyanate and produced carbon dioxide gas and urea linkage. This will
produce a foam which is also referred to as the blowing reactions. In addition, water develops
intermolecular reactions resulting in higher modulus and viscosity. Performance of the prepared
binder blends was evaluated using rheological tests such as penetration grade, softening point,
DSR, and BBR and chemical tests such as FTIR. Application of polyurethane modifiers led to a
decrease in penetration grade and an increase in the softening point of the samples. In addition, it
improved the high-temperature grading and therefore rutting characteristics of the binder while it
didn’t have a significant effect on the low-temperature grading. Finally, FTIR results confirmed
the bond formation of polyurethane. Based on the results obtained from penetration grade test,
polymer modification caused a decrease in the measured penetration depth and therefore, an
increase in the stiffness. The increase in the stiffness in PU modified binders relate to the successful
reaction of PU and binder while for TPU modified binder it shows a good interlock between binder
and polymer. The softening point results showed an enhanced viscosity with the application of
polyurethane and an increase in the percentage of the polymer. They also stated that the application
of polymer in percentages higher than 5% can result in a decrease in temperature susceptibility.
Furthermore, creep stiffness at low temperature was improved with the application of a polymer
with a percentage of 3 or higher. Finally, confirmed the existence of PU in a binder using the
polyurethane bonds (Bazmara et al. 2018).
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Karve et al. (2016), used castor oil as a substitution for polyol to produce the polyurethane
modified asphalt binder. They also examined the effect of reaction time, catalyst and the OH: NCO
ratio to optimize the production process. In order to produce the polyurethane modified binder,
first, the pre-polymer of polyurethane was produced using castor oil and toluene diisocyanate. The
reaction was conducted under nitrogen and at 80°C. After heating the asphalt binder, a specific
amount of castor oil was added to provide the desired workability. Next prepared pre-polymer was
added to the binder and mixed at 120°C for 30 minutes. Finally, the binder was left at room
temperature for 3 to 4 hours to obtain a cured polymer modified binder. They stated that catalyst
has an important role in the polymer reaction and selected the castor oil-based imidazoline as the
optimum catalyst. Furthermore, the -OH to -NCO ratio of 1.5:1 was suggested as the optimum
ratio. Finally, it was stated that the hardness of the polymer-modified binder was increased with
time up to 5 days and then it stayed the same (Karve et al. 2016).
Guardi et al. (2014) used a bio-oil (castor oil) functionalized isocyanate to produce the
reactive polyurethane as an asphalt binder modifier. An asphalt binder with a grade of 100/150
was used as the base binder. The synthesized polyurethane was used as a reactive modifier (2 wt%)
and the results were compared to a passive modifier (SBS, 3 wt %). Furthermore, the effect of
different processing times (1h, and 24 h) and post-treatment (water application and ambient curing)
on the performance of the modified asphalt binder were studied. Prepared modified binders were
evaluated using different rheological tests. Based on the results they concluded that the degree of
modification after post-treatment depends on the processing conditions. In addition, when water
addition is considered, previous long processing is required. Otherwise, the reaction related to
water doesn’t show a significant effect. On the other hand, when the binder is subjected to ambient
conditioning, the shorter processing time is desired. They suggested a high concentration of free
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NCO groups as a solution for ambient treatment. Additionally, they stated that ambient curing
appeared to be more effective compared to accelerated water-added approach (Cuadri et al. 2014).
Xia et al (2017), used green castor oil as a replacement for chemical polyols with the second
monomer-liquefied methylene diphenyl diisocyanate (MDI) to prepare the polyurethane modified
asphalt binder. They used an isocyanate index (R) of 1.8 and add the pre-polymer to the asphalt
binder with three different percentages of 10%, 20%, and 30%. They used fluorescent microscopy
to confirm a uniform distribution of polyurethane in the asphalt binder. Furthermore, they reported
an improvement in the high and low-temperature properties of modified asphalt binder with a more
significant result in high-temperature grade. Addition of 30% modifier caused an increase in high
temperature grading from 70°C to 82°C. The result from MSCR demonstrated an increase in
percent recovery and a decrease in creep compliance (Xia et al. 2017).
Carrera et al studied the effect of different processing conditions on the rheological and
chemical properties of polyurethane/urea modified binder. Polyurethane was prepared by reacting
polypropylene-glycol (PPG) and polymeric diphenylmethane diisocyanate (MDI), with a PPGMDI molar ratio of 1:3, under nitrogen atmosphere at 40°C for 48h. Next, 4% MDI-PPG was
mixed asphalt binder using two different processes, 1) binder and polymer were mixed at 90°C for
1h followed by the addition of 2% water and mixing for 45 minutes with 1200 rpm, 2) polymer
was mixed with binder for 1h, then stored in oven for 24h at 90°C and finally water was added and
mixed for 45 minutes. They stated that the processing condition s (1h or 24h) has a significant
effect on the final product. Therefore, they concluded that a better modification can be achieved
by longer processing time before the addition of the water (Carrera et al. 2010).
Yu et al, prepared the polyurethane modified asphalt binder using isophorone diisocyanate
(IPDI), polypropylene glycol (PPG) and dimethylolpropionic acid (DMPA) using an active
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approach. They added the polyurethane emulsion to heated asphalt binder by 2% weight of the
binder and stirred it for 1h at 150 °C. They used a waterborne polyurethane dispersion with a hard
to soft molar ratio of 3, 4, and 5. The effect of polyurethane modification was tested using DSR,
segregation experiment and fluorescent microscope. The result showed an increase in complex
modulus and a decrease in the measured phase angle. In addition, they stated that a polyurethane
emulsion with smaller particle size provides a more uniformly distributed modified binder. Finally,
they confirmed the crosslink of polyurethane and asphalt binder which eliminates the stability
issues (Yu et al. 2018).
2.5

Self-Healing Asphalt Mixture

Length of road networks in United States, Europe, and China is estimated as, 4.4, 5 and 3.1 million
kilometers, giving a total of 16.3 million kilometers of roads all around the world (Tabakovic and
Schlangen 2015). The average expected service life of asphalt pavement is between 15-20 years.
Increasing service life of the pavement through the application of innovative approaches can lead
to a decrease in negative environmental effects of the asphalt pavement construction process, and
a reduction in the pavements construction and maintenance cost. An approach that has gained a lot
of attention in this area is self-healing of asphalt pavement.
Asphalt binder is a viscoelastic material, therefore, exhibiting a phenomenon called
thixotropy. As a result of thixotropy, when a flow is applied to a binder sample that was at rest, a
continuous decrease of viscosity is observed with time. Consequently, when the flow is
discontinued, the viscosity is recovered with time (Mewis and Wagner 2009). In other words, the
increase in velocity of the binder leads to a decrease in the drag force that resists the movement.
Subsequently, a decrease in complex modulus occurs (Coombs and Traxler 1937). On the other
hand, asphalt binder has self-healing abilities which can be defined as the ability to recover its
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original properties. However, self-healing abilities of asphalt binder are highly dependent on rest
period, temperature and crack width. For self-healing to happen, the material should be able to
identify the damage and repair it. Self-healing can happen as full recovery or functional recovery
(Fischer 2010).
Fischer (2010) explained the self-healing process of the asphalt binder by wetting and interdiffusion of two faces of crack. Self-healing is occurring in molecular level; molecules from two
sides of cracks links through hydrogen bonds. This process is called “reversible hydrogen bonds”
(Fischer 2010). As it was mention, self-healing of asphalt binder is highly dependent on
temperature. This is related to thixotropy properties of the binder, which changes binder from solid
to gel state at high temperature. As a result, during warm seasons pavements crack closed, however
they return when the weather gets cold. In addition, high temperature dissipates through pavements
depth, therefore, cracks at 20-30 mm below the surface do not get repaired (Tabakovic and
Schlangen 2015).
During the last decade, different approaches were introduced as a solution for improving
the self-healing abilities of asphalt pavement. An example of the self-healing approaches can be
the application of modifiers and additives. Qiu et al, introduced five properties for additives used
in asphalt pavement; (1) be compatible with asphalt binder, (2) be able to resist high temperature
of asphalt mixing process, (3) have required mechanical resistance to withstand mixing and
construction, (4) healing temperature of -30°C to 40°C, and (5) have multi-time healing capability
(Qiu et al. 2009).
2.5.1

Nanomaterial Application

Incorporation of nanoparticles, such as Nano clay and Nano rubber, was introduced with the aim
to improve the aging, rheological and thermal characteristics of asphalt mixtures. However, they
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were able to improve the self-healing properties of asphalt too. The nanoparticles stop crack
propagation by moving to the top of the crack. This movement is caused by high surface energy
(Qiu et al. 2009). A study performed by Tabatabai and Shafiee showed that with applying rest
periods at 3% and 5% strain level of organoclay-modified binder, fatigue performance of the
binder was improved (Tabatabaee and Shafiee 2012). Kavussi and Barghabany studied the effects
of two different nanomaterials, nanoclay and nano hydrated lime on the fatigue performance of
asphalt binder using LAS testing. Result demonstrated that fatigue life of samples increased by
50% and 38% due to the application of 10% nano hydrated lime and 6% nanoclay, respectively
(Kavussi and Barghabany 2015).
Qui et al. (2009) studied the effect of nano rubber particles on self-healing properties of
asphalt binder using ductility test and two different nano rubber modifiers. Dog bone test samples
were cut and left to be healed for 4 hours at room temperature. Result for unmodified binder
showed recovery of 90%, while the results for modified binders presented recovery of 15% to
90%, depending on the nano rubber modifiers type and percentage (Qiu et al. 2009).
2.5.2

Induction Heating

Induction heating was first introduced by Minsk for melting snow and ice on the surface of the
pavement (Minsk 1968). But today, induction heating has gained attention as a self-healing
approach in the asphalt pavement industry. In this method, the self-healing ability of asphalt is
increased using induction energy and heating asphalt binder. For induction heating to work,
electrically conductive fibers or fillers should be added to asphalt mixture. In the next step,
conductive materials are connected in a closed-looped circuit. When this asphalt mixture is placed
in the vicinity of a coil, eddy currents are induced in the closed-loop circuits. Interference of eddy
current with materials resistance produces heat through energy loss. Schematic of an induction
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heating set up is presented in Figure 2.9. With enough conductive fillers or fibers around microcrack, closed-loop circuits are formed. The heat produced in the closed-loop circuit melts asphalt
binder and fill up the crack (Garcia et al. 2009).
Dai et al. (2013) studied induction heating by adding steel wool fibers to asphalt mastic
and asphalt mixtures. The binder used was PG 58-28 and steel wool fibers were Type 1 with 6.5
mm length and 7.8 g/cm3 density. Sand to binder ratio of 1.6 and steel fiber of 5.66% by volume
of asphalt binder was used to prepare asphalt mastic samples. For asphalt mixture samples, steel
wool fibers were added by 8% of the binder volume and based on samples electrical resistivity and
workability. Rectangular beams with 69x50x190 mm were cut from a slab. Samples were notched
in the center of the beams. A three-point bending set up was used for fracture-healing cycled of
mastic beams. For mixture samples, three-point bending set up was modified with elastic
foundation support and healing procedure. Healing of the samples was conducted at three different
temperatures of 60°C, 80°C and 100°C. Result demonstrated full recovery of mastic beams based
on the measured peak load of the samples. Furthermore, testing of asphalt mixtures showed that
the self-healing of samples can be improved by increasing the heating temperature (Dai et al.
2013).

Figure 2.9. Induction heating set up (Garcia et al. 2009)
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2.5.3

Microcapsule Application

Microencapsulation of rejuvenator was also used as an innovative approach for enhancing selfhealing properties of asphalt mixture (Su and Schlangen 2012). Microcapsules are spherical shells
that preserve rejuvenator inside themselves. When micro-cracks appear, microcapsules in the
vicinity of micro-crack is broken due to the tension in their shell. Consequently, rejuvenator is
released around the micro-crack. Released rejuvenator softens the binder around the crack and
seals the micro-crack, stopping crack propagation. Microencapsulation of rejuvenator may lead to
an increase in the service life of the pavement by sealing cracks and stopping micro-cracks at the
early stages of crack appearance (Tabakovic and Schlangen 2015).
Su and Schlangen (2012) developed an optimized process for producing microcapsules that
can be used in the asphalt pavement industry. Microcapsules were produced using an in-situ
polymerization of methanol–melamine-formaldehyde (MMF) prepolymer as shell material and a
commercial rejuvenator as the core material. Microencapsulation of rejuvenator is performed in
two steps; the first step is the core emulsion and the second step is the formation of the
microcapsule. Figure 2.10 presents the fabrication process of the microcapsules. Authors used
optical morphology to check the fabrication of microcapsules, environmental scan electron
microscopy to check surface morphology, Fourier transforms infrared spectroscopy to check the
chemical structure and thermogravimetric analysis to check the thermal stability of the produced
microcapsules (Su and Schlangen 2012). The thickness of the microcapsules is mostly governed
by the asphalt film thickness. If microcapsules are bigger than 50µm, which is the usual thickness
of asphalt film between aggregate, they will be squeezed during the mixing procedure. On the
other hand, microcapsules smaller than 10 µm are unsuitable since they don’t have sufficient
amount of rejuvenator inside (Tabakovic and Schlangen 2015).

52

Figure 2.10. Fabrication process of double-walled microcapsule: (a) chemical structure of SMA
alternating copolymer and hydrolysis polymer, (b–e) the first step coacervation, (f–h) the second
step coacervation, and (i) the microstructure of microcapsules by TSC method (Su and
Schlangen 2012)
Su et al. (2017) studied the behavior of microcapsules in asphalt mixtures. They blended
40/50 grade binder with aggregate and three different percentages of prepared microcapsules. The
mixture was put in molds and compacted with 100 gyrations and 600 kPa pressure. Finally,
samples were made with 100 mm diameter and 67 mm heights. Fluorescence microscope
morphologies and X-ray computed tomography confirmed that produced microcapsules had the
required resistance for mixing at high temperature and with strong agitation. Furthermore, it was
stated that microcapsules were uniformly distributed throughout the asphalt mixture. Using a
circular heating-cooling process, the resistance of the microcapsules against extreme changes were
examined. Results showed that microcapsules remained stable after the extreme temperature
conditioning. Finally, authors were able to confirm the breakage of microcapsules and release of
rejuvenator due to micro-crack appearance (Su et al. 2017).
Shirzad et al. (2017) produced double-walled microcapsules containing sunflower oil as
the core material. TGA analysis showed that produced microcapsules have the required thermal
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stability to resist asphalt mixing high temperature. Effect of microcapsules was evaluated on both
asphalt binder and asphalt mixture. For asphalt binder testing, a polymer modified binder
commonly used in the state of Louisiana (PG 70-22M) was used. Binder recycled from RAS was
blended with a virgin binder by 5% weight of the binder. The weight of microcapsules was
calculated based on the weight of the core material, to gain the desired weight of sunflower oil in
the binder blend. Mixture samples were prepared using 5% RAS and 5% microcapsules. Prepared
binder blends were tested using BBR. For asphalt mixture testing, a three-point bending set up was
used to create a crack on the bottom of rectangular samples. Samples were cured for 6 days at two
different curing conditions; room temperature (20°C) and high temperature (50°C). Using a light
microscopy, pictures were taken from cracks at day 0, 1, 2, 3, 5 and 6. The crack analysis was used
to measure and compare the width of the crack at each day. Furthermore, the stiffness of samples,
which was defined as the slope of the load-displacement curve, was measured for undamaged,
damaged and healed samples. The result from the BBR test showed a decrease in stiffness and an
increase in relaxation of the binder blends through the addition of microcapsules. Self-healing
ability of samples containing RAS was improved due to the addition of microcapsules. However,
mixtures containing sunflower oil as a rejuvenator showed a better performance compare to the
mixture containing microcapsules. Also, self-healing of samples were higher at high-temperature
curing conditions (Shirzad et al. 2017).
Al-Mansoori et al. (2018) prepared microcapsules using sodium alginate as shell material
and sunflower oil as the core material. Testing thermal and mechanical properties of the produced
microcapsules showed that they can resist the asphalt mixing process successfully. They also
confirmed breakage of the microcapsules and release of the rejuvenator with micro-crack
appearance. In order to evaluate the effect of produced microcapsules on the self-healing of asphalt
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pavement, they prepared asphalt mastic samples with 40/60 binder with or without microcapsules
and with 30x30x10 mm dimensions. Prepared beams were broken using a three-point bending set
up, then placed in the mold and conditioned at 20°C for 2h. In the next step, they were subjected
to a cyclic sinusoidal compressive loading of 350 cycles. This step is important since it can lead
to breakage of microcapsules in a way that simulates traffic loading. Then, samples were
conditioned for different durations of 6h up to 216h. After conditioning, samples were broken
again using three-point bending set up. Healing of samples was defined as the ratio of peak load
after healing to initial peak load. The result showed that the addition of microcapsules improved
healing of the samples, however, healing is dependent on oil content and temperature (AlMansoori et al. 2018).
2.5.4

Rejuvenators

Rejuvenators were introduced to improve the blending of virgin and recycled binders and to
improve the rheological performance of the hardened binder, and consequently increase the
maximum allowed percentage of RAP in the construction of new pavement. Zaumanis et al.
(2014), examined the effect of 6 different rejuvenators in a 100% recycled hot mix asphalt. The
addition of proposed rejuvenators (Waste Vegetable Oil, Waste Vegetable Grease, Organic Oil,
Distilled Tall Oil, and Aromatic Extract) caused a reduction in PG-grading of the recycled binder,
from 94-12 to 64-22. Rejuvenators were added by 12% weight of the binder, and samples were
compared to one made with a virgin binder (64-22). They tested different dosages of rejuvenator
to find optimum rejuvenator percentage. Maximum dosage was determined based on required
rutting resistance, while minimum dosage was selected by low PG temperature or intermediate
temperature. Rejuvenator application caused an improvement in the workability of samples.
Results obtained from the Hamburg Wheel Tracking test showed that recycled mixtures had a high
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rutting resistance. Five out of six mixtures demonstrated improved low temperature cracking
performance due to the application of rejuvenator. Other than the mixture with WEO rejuvenator,
all recycled mixtures had a fatigue resistance higher than the virgin mixture. Authors concluded
that suggested rejuvenator can be successfully used for enhancing the performance of asphalt
mixtures containing RAP, however, anti-stripping additives may be required (Zaumanis et al.
2014).
Shen et al. (2007) compared the properties of a recycled mixture containing rejuvenator
with recycled mixtures prepared with a softer binder. They tested RAP from two different sources
and two virgin binders; PG 64-22 binder and PG 52-28. In order to study the effect of rejuvenator
and softer binder, they studied volumetric design, moisture sensitivity and mechanical properties
(Indirect Tensile Strength (ITS) and Asphalt Pavement Analyzer (APA)) of 12 different mixtures.
Based on the results obtained from ITS and APA, the recycled mixture containing rejuvenator
showed the same or even better mechanical properties and rutting performance, compared to the
mixture prepared with a softer binder. They also mentioned that with using rejuvenator, the amount
of RAP can be increased by 10% (Shen et al. 2007).
Elkashef and Williams (2017) used a soybean-derived rejuvenator to improve properties
of hot mix asphalt containing RAP. The PG 58-28 binder was modified with 6% and 12% of the
rejuvenator. Properties of mixtures prepared with modified binder were compared to the mixture
prepared with the neat binder, PG58-28. Rheological properties were examined by performing
performance grading (PG), temperature frequency sweep and Linear Amplitude Sweep (LAS),
while mechanical properties of the different mixture were evaluated by conducting dynamic
modulus and Disc-shaped Compact Tension (DCT) tests. In order to prepare binder blends,
modified binder (with 6% and 12% rejuvenator) was mixed with the extracted binder from RAP
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with a ratio of 1:5 by the weight. For mixture preparation, 100% RAP was blended with neat binder
and rejuvenator modified binder. Results from PG-grading showed improvement in critical low
temperature of binder blends containing both RAP and rejuvenator, while LAS test results
confirmed enhancement of samples fatigue life. The master curve obtained from the dynamic
modulus test, demonstrated a decrease in stiffness and increase in phase angle, through the addition
of soy-based rejuvenator. Fracture energy measured from DCT test showed that mixture with
modified binder has the highest cracking resistance (Elkashef and Williams 2017).
Mirhosseini et al. (2018) studied the low, intermediate, and high-temperature performance
of the binder blends prepared with PG 67-22 binder, two percentage of bio-oil (date oil), and three
percentages of RAP (10, 20, and 30%). They used FTIR to compare the chemical structure of
prepared binder blends while using RV, DSR, LAS, and MSCR to evaluate the rheological
performance of the blends. The results from conducting RV at 110°C and 135°C showed that the
addition of RAP caused a significant increase in the viscosity, however, seed oil incorporation
decreased the viscosity. In some cases, seed oil incorporation to binder blends containing RAP
recovered the viscosity of the original blend. Based on the acquired FTIR spectra, they calculated
the carbonyl index (CI) for different binder blends. Results stated that CI was increased by an
increase in the RAP percentage. A further increase was reported due to the addition of seed oil.
They related the increase in aging caused by seed oil application to the high oxygen content of
seed oil and aging caused by the mixing process. DSR results showed that seed oil application
negatively affected rutting performance, while LAS result showed improvement in fatigue
behavior due to seed oil addition. Finally, BBR results showed no significant effects on the lowtemperature behavior of the blends for 20% and 30% RAP incorporation (Mirhosseini et al. 2018).
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Arámbula-Mercado et al. (2018), examined different approaches for selecting an optimum dosage
of rejuvenator in mixtures containing recycled asphalt materials. The dosage of rejuvenator should
be selected carefully; too much rejuvenator may lead to a soften binder which improves cracking
resistance but negatively affect rutting resistance. On the other hand, if the amount of rejuvenator
is not enough, it won’t provide the required cracking resistance. Three different approaches were
studied; (1) restoring Low-Temperature Performance Grade (PGL) and verifying Hightemperature Performance Grade (PGH), (2) achieving delta Tc equal to -5°C, and (3) restoring
PGH. Authors stated that restoring PGH presented better results. Binder blends were prepared with
4 different rejuvenators. PG grading and delta Tc value obtained from PGH was between two other
methods. It also provides a better distinction between various rejuvenators used in the study
(Arámbula-Mercado et al. 2018).
Cooper et al. (2017) examined the effect of re-refined engine oil bottoms (REOB) as a
healing agent for mixtures containing 5% RAS. Tests performed examined the high, intermediate
and low-temperature performance of the prepared mixtures. LWT examined rutting at high
temperature, while SCB and TSRST evaluated mixtures cracking resistance at intermediate and
low-temperature, respectively. Mixtures were prepared using a PG 70-22M binder, 5% RAS, and
three different percentages of REOB (5, 10, and 15%). The result showed that REOB application
can improve recycled binder ratio. However, the increase in recycled binder ratio negatively
affected the cracking resistance at an intermediate temperature. 5% REOB incorporation in a
mixture containing 5% RAS, improved low-temperature performance compared to the mixture
with only 5% RAS. However, the low-temperature performance was negatively affected by the
increase in the percentage of REOB. All mixtures showed an acceptable performance against
rutting, with rutting depth less than 6 mm (Cooper et al. 2017).
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Riara et al (2018) studied the effect of five different rejuvenators, on the healing ability of
the asphalt mixture. Three of the rejuvenators were maltene-based commercial cationic emulsion
with high contents of aromatic, fourth and fifth rejuvenators were a base asphalt emulsion and
SBR modified asphalt emulsion, respectively. An asphalt grade of AC-13 was used in this study.
SCB samples were prepared with a target air void of 4±0.5 % and a thickness of 25 mm. A 10 mm
notch was cut in the middle of SCB samples. In order to reduce chances of creep deformation and
to obtain a brittle fracture, samples were conditioned at -10°C for 4 h before testing. A soft brush
was used to apply the healing agents on the surface of the cracked samples with a rate of 0.4-0.7
kg/m2. Samples were cured at room temperature and retested after 1, 2, 4, and 8 days. The
parameters measured were peak load, displacement to peak, pre-peak stiffness, post-peak stiffness,
area to peak, and post-peak area (Figure 2.11). Using these parameters, the peak healing index
(PI), fracture toughness healing index (TI), and stiffness healing index (SI) were calculated as the
ratio of healed value divided by the initial value. Furthermore, Energy index (EI) was calculated
as the ratio of fracture energy after healing divided by the initial fracture energy. Results showed
that pre-peak indexes such as PI, SI, and TI weren’t sensitive toward the post-peak fracture
properties. In addition, when compared to EI, they presented higher healing. Finally, they stated
that EI which was used to characterize the restored fracture energy during healing demonstrated
the highest sensitivity to both pre-peak and post-peak material properties. As a result, they suggest
the EI for evaluating the healing performance of different asphalt mixtures with or without
modifiers (Riara et al. 2018).
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Figure 2.11. Different response parameter (Riara et al. 2018)
2.5.5

Self-Healing Polymers

Self-healing mechanisms can be divided into two groups based on their response to the appearance
of damage; extrinsic and intrinsic self-healing mechanisms. In the extrinsic mechanism, selfhealing occurs by the healing agent embedded in a matrix, while in intrinsic approaches, chemical
bonding of the matrix or healing agent leads to the repair of damage. Examples of extrinsic selfhealing approaches are microencapsulation of healing agent and vascular networks of healing
agent. As it was explained in the previous section, when these containers break, healing agent is
released to heal the crack (Hia et al. 2016). Sodium alginate hollow fiber, containing rejuvenator
inside, is an example of a one-dimensional vascular network (Aguirre et al 2017).
Unlike the extrinsic mechanism, which has a onetime healing effect, intrinsic healing
methods have an inherent repeatable self-healing ability. Self-healing occurs at a molecular level
through molecular randomization, inter-diffusion, or recombination of chain ends. This method of
self-healing doesn’t require catalyst or monomer application, however, it usually activated with
external stimuli such as heat or UV light (Hia et al. 2016).
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Photochemical self-healing polymer was first introduced by Chung et al. He used UV light
with a wavelength higher than 180 nm to heal cracks in his 1,1,1-tris-(cinnamoyloxymethyl) ethane
(TCE) films. Yang and urban described the mechanism of self-healing polymer in Figure 2.12.
Damage of a chemical network leads to cleavage or slippage of the chemical bonds of the material
and formation of the reactive groups. Based on the reactivity of the groups, the unstable entities
may react with the surroundings to produce a stable product with a new formation and repair the
damaged area. Some of the most common reactive groups that have been used for self-healing
goals are free radicals, -C=C-, -COOH, -NH2, -OH, -SH, -SI-O, S-S, and –C=O. These moieties
can facilitate self-healing of damaged material through various reactions, i.e. covalent bonding, Hbonding, supermolecular chemistry and ionic interactions (Yang and Urban 2013).

Figure 2.12. Mechanism of damage and repair in self-healing polymer (Yang and Urban 2013)
Ghosh et al. (2011) developed a self-healing polyurethane cross-linked network which is
activated with UV light. They used a four-membered ring structure material (oxetane) to produce
free radicals with lower ring-opening activation energy. Furthermore, chitosan was used for UV
light sensitivity. When damage occurs, different chemical bonds are broken (Figure 2.13).
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Remodeling of the network activated with the UV light exposure leads to the reaction of dormant
oxonium ions with reactive macromolecular ends. Specific pH of the environment causes cationic
oxetane ring-opening and polyuria to polyurethane conversion. These reactions together with
chair-to-boat conformation of chitosan glycosine units, result in self-healing of the material
through –C-O-C bind formation. In order to examine the self-healing ability of the produced
material, they made a scratch on the surface and monitored the healing of the crack while exposing
the sample to UV light with a wavelength of 302nm. Self-healing ability of the material increased
with increase in the intensity of the UV light (Ghosh et al. 2011).

Figure 2.13. Mechanism of repair in oxetane-substituted chitosan polyurethane self-healing
(Ghosh et al. 2011)
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Ling et al. (2011) produced their self-healing polyurethane by adding Coumarin for
repetitive self-healing ability. Coumarin is a substance traditionally used in the production of
perfumes, however, it also provides a light sensitivity in a polyurethane network. Using a
reversible photochemical reaction between coumarin moieties, this material has the ability to repair
the crack multiple times and improve the mechanical properties of the damaged area under UV
light or sunlight. In order to evaluate self-healing properties of the produced polyurethane, a film
of THHPEG400 was exposed to UV light and then cut using a razor blade. The sample was healed
with exposure to 254 nm UV for 1 min following by 350 nm for 90 min. The sample was cut and
healed three times to confirm the repetitive healing ability of the produced material (Ling et al.
2011).
2.6
2.6.1

Evaluation of Asphalt Binder Modified with Self-Healing Polymer
Rheological Tests
Superpave Performance Grading (PG). Performance of the asphalt pavement is highly

dependent on the rheological properties of the asphalt binder. Therefore, it is essential to provide
an accurate characterization of the effect of self-healing polymer on the rheological performance
of the asphalt binder. This is also required when recycled asphalt materials (RAS/RAP) are used
in the asphalt pavement construction. Asphalt binder should be extracted from RAS and RAP and
fully characterized before using the materials in the binder blends. Previous methods such as
penetration grading and viscosity grading had limited abilities to provide a complete
characterization of asphalt binder, especially for polymer modified binders. Therefore, the
Superpave performance grading system was developed to provide a better understanding of asphalt
binder properties. PG system categorizes an asphalt binder based on its performance at different
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temperatures with respect to AASHTO M 320, “Standard specification for performance-graded
for asphalt binder.”
Superpave PG system performs tests at three different aging condition: Original asphalt
binder, short-term aged asphalt binder, and long-term aged. Short-term aging of the asphalt binder
is performed based on AASHTO T 240, “Standard Method of Test for Effect of Heat and Air on a
Moving Film of Asphalt Binder (Rolling Thin-Film Test). 35 gr of the heated binder is poured into
glass containers. Next, containers are turned on their side and placed on a rack to cool down for
60 to 180 min. Glass container is then placed in the oven and exposed to hot air at 163°C for 85
min. RTFO simulates short-term aging which is caused by the asphalt pavement production
process.
The long-term aging of asphalt binder, which simulates in-service aging (7-10 years of
service life), is conducted based on AASHTO R 28, “Accelerated Aging of Asphalt Binder Using
a Pressurized Aging Vessel (PAV).” During this procedure, 50 g of the RTFO’ed binder is poured
in PAV pans. Next, samples are heated for 20 hours under 2.1 MPa pressure. It should be stated
that PAV simulates aging without exposing binder to high temperature and also, it minimizes the
loss of volatile. The temperature that PAV is conducted is selected based on the field climate;
90°C, 100°C, and 110 °C, respectively for cold, moderate and hot climate.
Rotational Viscometer (RV). The viscosity of binder is measured using a rotational
viscometer (RV) presented in Figure 2.14, and based on AASHTO T 316, “Viscosity
Determination of Asphalt Binder Using Rotational Viscometer.” The RV is conducted at high
temperature (135°C), in order to simulate the production and construction temperature. Test results
relate to the workability required for pumping and mixing of the mixture. RV procedure is
consisted of pouring heated binder in the container and submerging the cylindrical spindle in the
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binder. The viscosity is measured as the torque required to maintain the constant rotational speed
of 20 RPM.

Figure 2.14. Rotational viscometer
Dynamic Shear Rheometer (DSR). Asphalt binder is a visco-elastic material, which
means it behaves partly like elastic solid and partly like a viscous liquid. In order to evaluate the
viscous and elastic behavior of asphalt binder at intermediate to high temperature, the DSR is
performed according to AASHTO T 315. The viscoelastic behavior of the asphalt binder can be
evaluated by complex shear modulus (G*) and phase angle (δ) measured by the DSR. The complex
modulus is asphalt binder’s total resistance to deformation under shear load, while the phase angle
is the lag between the applied shear stress and the resulting shear strain. G* and δ determine
binder’s resistance to shear deformation in the linear viscoelastic region. The purely elastic
material has a phase angle of 0, while the phase angle for completely viscous materials is 90
degrees. The DSR is conducted with a frequency of 10 rad/s (1.59 Hz) which simulate the shearing
caused by a traffic speed of 90 km/hr.
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G* and δ may be used to evaluate the rutting and fatigue behavior of the asphalt binder.
Rutting is a concern during the early life of the asphalt pavement and at high temperature. For a
better rutting resistance, a stiff binder with higher elasticity is desirable. Therefore, rutting
resistance is evaluated by the elastic portion of the shear complex modulus (G*/sin δ). On the other
hand, cracking is important during the service life of the pavement and at an intermediate
temperature. An asphalt binder with higher elasticity and lower stiffness provides a better fatigue
resistance. The fatigue resistance of asphalt binder can be examined by the viscous portion of the
shear complex modulus (G*.sin δ). In conclusion, G*/ sin δ, which is the elastic portion of the
complex modulus, should be high at high temperature to resist rutting, while the lower the δ, the
more enhanced elastic properties of the binder are. Specifications used for rutting and fatigue
cracking evaluation are presented in Table 2.1.
Bending Beam Rheometer (BBR). Low-temperature behavior of asphalt binder is
evaluated using BBR and according to AASHTO T 313-06. The parameters measured by BBR are
creep stiffness (S) and creep slope (m-value). In order to perform BBR, binder beams with a
dimension of 6.25x12.5x127 mm are prepared and placed on the supports in a temperaturecontrolled liquid bath. A load is applied to the center of the beam and the corresponding deflection
is measured. Stiffness is measured at loading times of 8, 15, 30, 60, 120, and 240 s and based on
equation 2.4. A second-degree polynomial is used to fit the logarithm of the stiffness versus the
logarithm of loading time. The m-value is measured as the rate of change of log (S) vs. log (time)
and is a representation of the binder’s resistance caused by the viscous and elastic response. The
creep stiffness and m-value of the asphalt binder are reported at 60 seconds and are evaluated based
on the specifications listed in Table 2.1.

S(t) = PL3/4bh3δ(t)

(2.4)

Where:
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S(t) = asphalt binder stiffness at a specific time
P = applied constant load (100 g or 0.98 N)
L = distance between beam supports (102 mm)
b = beam width (12.5 mm)
h = beam thickness (6.25 mm)
δ(t) = deflection at a specific time
t = time
Estimated stiffness S´(t) as follows: log S´(t) = A + B[log(t)] + C [log(t)]2

(2.5)

Estimated m-value as follows: m = B + 2C [log(t)]

(2.6)

A, B, C = empirically determined constants
Table 2.1. DSR and BBR Specifications
Test

DSR

Aging condition

Criteria

Specification

Distress

Original

G*/ sin δ

≥ 1.1 kPa

Rutting

RTFO

G*/ sin δ

≥2.2 kPa

Rutting

PAV

G*.sin δ

≤5000 kPa

Fatigue Cracking

PAV

S

≤300 Mpa

Low-Temperature Cracking

PAV

m-value

≥0.300

Low-Temperature Cracking

BBR

The DSR provides the high-temperature grade of the asphalt binder, while BBR determines
the low-temperature grade. Based on the DSR and BBR results, asphalt binder samples can be
graded according to AASHTO R 29, “Grading or Verifying the Performance Grade of an Asphalt
Binder” and AASHTO M320, “Standard Specification for Performance-Graded Asphalt Binder.
Useful Temperature Interval (UTI). UTI of asphalt binder is defined as the range
between the minimum and maximum temperature of binder blends where it is expected to have
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adequate performance (Figure 2.15). Modification of the asphalt binder may lead to an increase in
the measured UTI.
Delta Tc (ΔTc). Delta Tc was first defined by Mike Anderson as the difference between
the critical stiffness temperature (the temperature at a creep stiffness of 300 MPa) and the m-value
critical temperature (the temperature at the log-log slope of creep curve of 0.300) (Anderson et al.
2011). ΔTc can be used as an indicator of cracking susceptibility. When asphalt binder ages, it
loses relaxation which can be related to a binder with m-controlled behavior. The m-controlled
behavior has a negative ΔTc while a positive ΔTc indicates an s-controlled binder.

Figure 2.15. UTI presentation
Anderson et al. (2011) introduced ΔTcs of -2.5°C and -5°C as the cracking warning limit
and cracking limit, respectively. Binder ductility is lost at ΔTc of -5°C. As a result, the more
negative the m-value, the worse is the performance of the pavement against fatigue cracking
(Anderson et al. 2011).
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Multiple Stress Creep Recovery (MSCR). Based on the Superpave specification, the
G*/sin δ measured by the DSR at 10 rad/s can be used for the prediction of pavement rutting
performance. A decrease in the G*/sin δ parameter relates to a decrease in the dissipated energy,
therefore an increase in the rutting. However, research showed that the simplifying assumption
used cannot be reliably extended to the modified binder. Bahia et al (2011) reported a poor
correlation of R2=23.77% when G*/sin δ was compared with mixture repeated shear constant
height test results. They also stated that for better stimulation of the traffic loading, cyclic
reversible loading should be replaced with repeated creep loading (Bahia et al. 2011).
The repeated creep test was also used to evaluate the rutting performance of the asphalt
binder. In this method shear stress in the range of 30-100 Pa was used in loading and unloading
cycles of 1 and 9 seconds, respectively (Bahia et al. 2001). The further research stated that testing
at such a low strain level cannot be a reliable presentation of binder’s behavior since the stress and
strain in the asphalt binder can be much higher (D’Angelo and Dongre 2006). The Multiple Stress
Creep Recovery (MSCR) decreased uses the same loading and unloading of 1 and 9 seconds,
however, stress levels were changed to 100 and 3200 Pa, 10 cycles for each stress level ( D’Angelo
et al. 2007).
The MSCR test examines the high service temperature properties and assesses the rutting
susceptibility of the asphalt binder according to AASHTO TP 70. The test is performed on RTFO
samples at a high temperature of 67 °C. During the test, 1-second loading is applied and the sample
is allowed to recover for 9-seconds. The loading and unloading will be repeated for two stress
levels (0.1 kPa and 3.2 kPa), 10 cycles for each stress level. A typical graph of MSCR result is
presented in Figure 2.16. The first parameter measured by the MSCR is the percent recovery,
which indicates the elastic response of an asphalt binder. Percent recovery is defined as the ratio
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of recovered strain to the peak strain (Figure 2.17). The second parameter is the non-recoverable
creep compliance (Jnr), which is an indicator of the asphalt binder’s resistance to permanent
deformation under a repeated loading. It is calculated as the ratio of unrecovered shear strain to
applied shear strain. Finally, the percent difference in the non-recoverable creep compliance
between two stress levels (0.1 and 3.2 kPa) is calculated based on equation 2.9. This parameter
can be used as the stress sensitivity parameter.
% 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐽𝑛𝑟 =

𝛾𝑟

(2.7)

𝛾𝑝

𝜀𝑛𝑟

(2.8)

𝜎

𝐽𝑛𝑟−𝐷𝑖𝑓𝑓 =

𝐽𝑛𝑟3.2 −𝐽𝑛𝑟0.1

(2.9)

𝐽𝑛𝑟3.2

Where:
𝛾𝑟 : recovered strain
𝛾𝑝 : peak Strain
𝐽𝑛𝑟 : non-recoverable creep compliance
𝜀𝑛𝑟 : unrecovered shear strain
𝜎: Applied Stress
𝐽𝑛𝑟−𝐷𝑖𝑓𝑓 : percentage difference in non-recoverable creep compliance between 0.1 kPa and 3.2 kPa
𝐽𝑛𝑟3.2 : non-recoverable creep compliance at 0.1 kPa stress level
𝐽𝑛𝑟0.1 : non-recoverable creep compliance at 3.2 kPa stress level
Based on the AASHTO TP 70 a boundary line defined by the equation y=29.371(x)-0.2633 can be
used to evaluate the presence of modifiers (AASHTO TP70).
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Figure 2.16. MSCR graph for polymer modified binder (Bukowski et al. 2011)

Figure 2.17. Percent recover calculation (Bukowski et al. 2011)
Linear Amplitude Sweep (LAS). The Superpave specification G*.sin δ can be used to
characterize fatigue performance of the asphalt binder. A value of less than 5000 kPa shows a
reasonable resistance against fatigue cracking at an intermediate temperature. However, it’s only
based on small strain rheology, and damage resistance is not considered while modifiers are
usually used to provide toughening by improving the damage resistance. In order to address the
disadvantages of Superpave G*.sin δ parameter, the Time Sweep (TS) test was established during
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NCHRP project 9-10. During the TS test, a DSR was used to apply a repeated cyclic load with a
fixed amplitude. The loading amplitude can be changed based on the structure and traffic
condition, however, there is uncertainty with respect to the testing time. For some samples, testing
was continued for several hours before reaching the detectable fatigue damage (Hintz and Bahia
2013).
The Linear Amplitude Sweep (LAS) test was introduced as a performance-based
assessment of asphalt binder fatigue resistance. The LAS is strain-controlled and is conducted at
the same temperature and a constant frequency while the load amplitude is systematically
increased. LAS test is performed based on AASHTO TP101 using DSR and 8 mm gap setting on
samples which have been subjected to short-term (RTFO) and/or long-term (PAV) aging. LAS
consists of two steps; first, a frequency sweep is conducted to determine rheological properties of
the asphalt binder. During the frequency sweep, 0.1% strain amplitude is applied over the range of
0.1-30 Hz to measure the α parameter for Viscoelastic Continuum Damage (VECD) analysis. A
sample of the frequency sweep result is presented in Figure 2.18. The α parameter can be
calculated using the following equations:

𝐺 ′ (𝜔) = |𝐺 ∗ |(𝜔) × cos 𝛿(𝜔)

(2.10)

log 𝐺 ′ (𝜔) = 𝑚(log 𝜔) + 𝑏

(2.11)

α =1/m

(2.12)

Where:
|𝐺 ∗ |(𝜔): complex modulus
𝛿(𝜔): phase angle
𝐺 ′ (𝜔) : storage modulus
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Figure 2.18. An example of frequency sweep result (AASHTO TP 101)
In the second part, the same sample is tested using a series of oscillatory load cycles at linearly
increasing amplitudes with a constant frequency of 10 Hz. Loading starts at a zero value and
reaches 30% through 3,100 cycles of loading (Figure 2.19). Peak shear strain, peak shear stress,
phase angle, and dynamic shear modulus are recorded for every 10 cycles.

Figure 2.19. Linear amplitude sweep test loading setup (AASHTO TP 101)
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The damage calculation of the sample is calculated based on equation (2.13 and 2.14).
|𝐺 ∗ |(𝑡)

𝐶(𝑡) = |𝐺 ∗ |

(2.13)

𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝛼

1

2
1+𝛼 (𝑡 − 𝑡
𝐷(𝑡) = ∑𝑁
𝑖
𝑖−1 )1+𝛼
𝑖=1[𝜋𝛾0 (𝐶𝑖−1 − 𝐶𝑖 )]

(2.14)

Where:
t: testing time
Then, C(t) and D(t) are fitted using equation (2.15).
𝐶(𝑡) = 𝐶0 − 𝐶1 (𝐷)𝐶2

(2.15)

Using equation (2.16), C1 and C2 are calculated at the anti-log of the intercept and slope of the
line.
log(𝐶0 − 𝐶(𝑡)) = log(𝐶1 ) + 𝐶2 . log(𝐷(𝑡))

(2.16)

The value of D(t) at failure, Df, is calculates using equation (2.17).
𝐷𝑓 = (

𝐶0 −𝑐 𝑎𝑡 𝑝𝑒𝑎𝑘 𝑠𝑡𝑟𝑒𝑠𝑠
𝐶1

1⁄
𝐶2

)

(2.17)

Finally, A and B are calculated using the following equations:
𝐴=

𝑓(𝐷𝑓 )𝑘

(2.18)

𝑘(𝜋𝐶1 𝐶2 )𝛼

Finally, the Nf parameter which is defined as the number of cycles to crack propagation can be
calculated using equation (2.19).
𝑁𝑓 = 𝐴(𝛾𝑚𝑎𝑥 )−𝐵

(2.19)

Where:
𝛾𝑚𝑎𝑥 : the maximum expected binder strain for a given pavement structure (AASHTO TP 101).
A sample of Nf plot is presented in Figure 2.21.
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Figure 2.20. Sample of C(t) vs D(t) plot (AASHTO TP 101)

Figure 2.21. Sample of Nf plot (AASHTO TP 101)
Complex Shear Modulus Master Curve. The concept of the master curve was introduced
to provide a better understanding of asphalt binder flow characteristics (Anderson, Christensen,
and Bahia 1991). In order to construct the master curve, stiffness of the binder is measured at
different temperatures (e.g. 4.4, 25, 37.8, and 54°C) and frequencies (e.g. 0.1, 0.5, 1, 5, 10, and 25
Hz). The measured stiffness is combined in a single master curve by shifting all values toward a
reference temperature. Resulted master curve and calculated shift factor provide a comprehensive
characterization of the asphalt binder behavior. Figure 2.22 presents a typical master curve for
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complex shear modulus. Christensen and Anderson 1992, used the following mathematical
equation for the construction of the master curve:

𝐺 ∗ (𝜔) = 𝐺𝑔 [1 +

(𝑙𝑜𝑔2)⁄
𝑅
𝜔
( 𝑐)
]
𝜔𝑟

−𝑅⁄
(𝑙𝑜𝑔2)

(2.20)

Where:
𝐺 ∗ (𝜔): complex shear modulus
𝐺𝑔 : glass modulus
𝜔𝑟 : the reduced frequency at the defining temperature (rad/s)
𝜔𝑐 : crossover frequency at the defining temperature (rad/s)
R: rheological index
In order to construct the master curve, a frequency sweep is performed using DSR at different
temperatures. Sixteen shear modulus is measured for four temperatures (4.4, 25, 37.8, 54°C)
running a frequency sweep (100 to 0.1 rad/s). Master curve is constructed by plotting the G*
against reduced frequency which is calculated using equations (2.21) and (2.22). It should be
mentioned that a(T) is the shift factor which shows the amount of shifting required for each
temperature (T) to be moved to a defining temperature (Td).
𝜔𝑟 = 𝜔 × 10log 𝑎(𝑇)

(2.21)

log 𝑎(𝑇) = 𝑎1 (𝑇 − 𝑇𝑅 )2 + 𝑎2 (𝑇 − 𝑇𝑅 )

(2.22)

Where:
𝜔𝑟 : the reduced frequency at the defining temperature (rad/s)
𝜔: frequency (rad/s)
Log a(T): shift factor
T: Temperature (°C)
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In order to calculate parameters 𝜔𝑐 , R, and Td of equation (2.22), an initial value is assumed for
them. Using assumed Td, 𝜔𝑟 can be calculated. G* is calculated using the 𝜔𝑟 and R. The Microsoft
excel solver can be used to minimize the sum of squared errors (SSE) of G* by varying the 𝜔𝑐 , R,
and Td parameters. Next, the curves should be shifted to the reference temperature (Tr). This can
be performed by treating Tr as the assumed temperature (T) and by calculating Tr by variable at Td
(Booshehriaa, Mogawer, and Bonaquist 2013).

Figure 2.22. An example of master curve (Christensen and Anderson 1992)
2.6.2

Chemical Tests

Chemical tests such as GPC, FTIR, and TGA can be used to examine the effect of modifiers on
the aging process and molecular characteristics of the asphalt binder.
Gel Permeation Chromatography (GPC). GPC uses porous particles to separate
molecules based on their molecular size and provide molecular size distribution of the material. A
schematic of the GPC is presented in Figure 2.23. GPC consists of a stationary phase with porous
particles and minimum absorption. The small size of the pores in the stationary materials allows
the entrance of the small molecules while the large molecules stay in the mobile phase. As a result,
the large molecules are rapidly eluted from the column, while it takes longer for the small
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molecules to exit the column. It should be mentioned that the size exclusion column should be
calibrated based on the molecules of known size (Burtis and Bruns 2014). GPC result is a plot
showing the difference between the reflective indices of the eluting solution and the solvent (ΔRI)
versus the eluting volume (mL) (Cooper 2015).
Since the asphalt binder consists of different chemical compounds with different molecular
weight, GPC can be used to identify the distribution of asphalt binder’s components. Two main
components of the asphalt binder can be listed as the asphaltenes and maltenes respectively with a
high molecular weight (HMW) and low molecular weight (LMW). In addition, polymer modifiers
are added to the asphalt binder to improve its performance. Compare to the asphalt binder
components, polymer modifiers commonly used in the asphalt pavement, have significantly higher
molecular weights. As shown in Figure 2.24, GPC plot for a typical polymer-modified asphalt
binder can be divided into three regions; the maltenes with molecular weight less than < 3,000
Daltons, the asphaltenes with molecular weight between 3,000 to 19,000 Daltons, and Polymers
with molecular weight higher than 19,000 Daltons (Daly et al. 2013).

Figure 2.23. A schematic of GPC (Burtis and Bruns 2014)
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The Contribution of the different asphalt components can be determined using the deconvolution
of the GPC plot. A sample of deconvolution performed on a PG 70-22 M binder is presented in
Figure 2.25 (Cooper et al. 2016).

Figure 2.24. Molecular weight distribution of polymer modified asphalt binder (Daly et al. 2013)

Figure 2.25. Using deconvolution to determine components of PG 70-22M binder (Cooper et al.
2016)
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Fourier-transform infrared (FTIR) spectroscopy. Infrared spectroscopy is based on the
vibration of the atoms of a molecule and is used to determine the structure of molecules using the
molecule’s characteristic absorption of infrared radiation. Atoms and molecules exist in discrete
energy levels. Through the infrared radiation, molecules absorb specific radiation with specific
wavelengths which causes a change in the dipole moment of molecules. This eventually causes
the transformation of the energy level of the molecules from the ground state to an excited state.
The vibrational energy gap determines the absorption peak and the number of these peaks are
related to the vibrational freedom of the molecule. While the intensity of the vibrational peaks is
related to the change of dipole moment and the possibility of the transition of energy levels. In an
FTIR, infrared radiation is passed through a sample and then the infrared spectrum is achieved by
determining the fraction of the incident radiation absorbed at a specific energy (Birkner and Wang
2014).
Components of an IR spectrometer can be listed as (1) a radiation source, interferometer,
sample compartment, detector, amplifier, A/D converter, and a computer. The radiation, generated
through the source, passes the sample through the interferometer and reaches the detector. The
interferometer is used to split the beam into two beams with different paths. Later, interferometer
recombines these beams and guide them to the detector. The detector measures the difference in
the intensity of two beams as a function of the difference in the paths of the beams. Converter
amplifies the signal and converts it to a digital signal. Finally, the signal is transferred to a
computer for Fourier transform calculations. A simplified diagram of FTIR and a schematic of the
Interferometer are presented in Figure 2.26 (Birkner and Wang 2014).
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Figure 2.26. Block diagram of an FTIR spectrometer and a schematic of the michelson
interferometer (Birkner and Wang 2014)
FTIR spectroscopy can be used to examine the chemical composition of the asphalt binder
and to study the changes in asphalt binder functional groups. One of the factors affecting the
chemical composition of the asphalt binder is the oxidation of the binder. Peterson stated that
during the aging process and as a result of the binder reaction with atmospheric oxygen, functional
groups containing oxygen are formed. The formation of the oxygen-containing functional groups
such as carbonyl (C=C) and sulfoxide (S=O) leads to an increase in the asphalt binder consistency.
Therefore, the changes in the oxygen-containing functional group can be used to study the effect
of short term and long term aging on the performance of the asphalt binder (Petersen 1984).
The FTIR spectra of the asphalt binder can be analyzed qualitatively or quantitatively. In the
qualitative approach, the absorption peak of the different functional groups such as carbonyl group,
a sulfoxide group, polymer component or polar aromatics can be characterized. However, when
the goal is to study the changes in the aging of the asphalt binder, quantifying the area under the
curve is more reliable. Studies showed that the variability for the area calculation is smaller
compared to the peak analysis (Yut and Zofka 2011). In addition, since several vibrations can
happen in the same band, obtaining a single peak height can be difficult (Lamontagne et al. 2001).
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An example of an acquired spectrum for the asphalt binder is presented in Figure 2.27, by
showing different functional groups of the asphalt binder. Different indices such as carbonyl index
and sulfoxide index can be identified as the ratio of the area under the bond to the reference area
to characterize asphalt binders aging (Yang et al. 2015).
Carbonyl Index:
Sulfoxide Index:

𝐼𝐶𝑂 =
𝐼𝑆𝑂 =

𝐴𝑅1600
⁄∑ 𝐴𝑅
𝑅𝑒𝑓

(2.23)

𝐴𝑅1030
⁄∑ 𝐴𝑅
𝑅𝑒𝑓

(2.24)

A Buker Alpha FTIR spectrometer (Alpha) with a diamond single reflection attenuated
total reflectance (ATR) will be used to collect the spectra for different samples. An OPUS 7.2 data
collection program will be used to analyze the obtained spectra.

Figure 2.27. Asphalt binder functional Groups in an FTIR Spectra (Yang et al. 2015)
Thermogravimetric Analysis (TGA). TGA is a technique in which the mass of the sample
is monitored as a function of temperature under controlled temperature and controlled atmosphere.
In the asphalt pavement industry, TGA is commonly used to characterize the properties of asphalt
binder samples with or without various additives and modifiers. The oxidation, decomposition,
and loss of volatile are some of the reasons that can lead to a weight gain or loss in the asphalt
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binder samples. An example of TGA conducted on an asphalt binder sample is presented in Figure
2.28.

Figure 2.28. TGA result for an asphalt binder sample (Shirzad et al. 2017)
2.7
2.7.1

Evaluation of Asphalt Mixture Modified with Self-Healing Polymer
Self-Healing Tests

Self-healing properties of asphalt mixture can be tested by two different approaches; Strain Energy
Ratio (SER) and Crack Width Analysis. Tests are conducted on rectangular beams with a
dimension of 40 mm × 40 mm × 160 mm, cut from slab specimens (Figure 2.29). Using a threepoint bending set up, a monotonic load is applied at the midpoint of the beam in a strain-controlled
mode (0.25 mm/min) until cracks are induced at the bottom of the prepared beams. Loading is
continued for 100 seconds after reaching the peak load, and then stopped (Figure 2.30). Healing
of the cracked samples is monitored for 6 days and under two different curing conditions; (1) room
temperature (25±1°C), and high temperature (50±1°C) or UV exposure (0.5 mW/cm2) (Shirzad et
al. 2017).
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Figure 2.29: Rectangular beam samples preparation

Figure 2.30. Three-point bending set up
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Figure 2.31. Rectangular beam with a crack induced on the bottom
Strain Energy Ratio (SER). In order to calculate SER, the load-displacement curve is
obtained at different stages; (a) undamaged samples (when the crack is induced), (2) damaged
(right after inducing the crack), and (3) healed (after 6 days of conditioning. The strain energy of
samples is calculated as the area under the load-displacement curve up to the peak load (Figure
2.32). Using the measured strain energy, SER is calculated based on the following equation:
𝑆𝐸𝑅 =

𝐷𝑎𝑚𝑎𝑔𝑒𝑑 𝑜𝑟 𝐻𝑒𝑎𝑙𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦

(2.25)

𝑈𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦

Figure 2.32. Strain energy measurement
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Crack Width Analysis. Crack healing efficiency of the different mixtures is examined by
monitoring various cracks with varying widths, using image analysis. A light microscopy (Figure
2.33) is used to obtain images from the induced crack with a magnification of 20,000. Images are
captured on day 0, day 1, day 2, day 5 and day 6. For self-healing quantification, image analysis
is performed to calculate crack width for day 0, and day 6. Healing efficiency is calculated as
follows:
Healing Efficiency=

Initial crack width-crack width after curing
Initial crack width

×100

(2.26)

Figure 2.33. Zeiss lumar light microscopy
2.7.2

Mechanical Tests

The main objective of the pavement is to provide a smooth traveling surface with the required
structural capacity for load, drainage for water passage and friction to avoid vehicle slippage.
However, if the applied loads exceed the design loads various distresses such as rutting and
cracking can occur in the pavement. Further progress of these distresses in the lack of proper
maintenance and rehabilitation can lead to pavement deterioration and eventually failure.
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Fatigue Cracking. One of the main distresses affecting the structural capacity of the
asphalt pavement is cracking. Two main types of cracking can be identified in a flexible pavement,
load-related cracking and non-load associated cracking. Load related cracking is caused by the
traffic loads and are divided to two groups of fatigue cracking (top-down or bottom-up), which is
caused by repeated load and accumulated damages, and reflective cracking which is caused by a
flaw in the underlying layers. The non-load associated cracking is usually caused by a severe drop
in the temperature and is also referred to as thermal cracking. Cracking in the pavement leads to a
decrease in the ride quality and increase in the rate of deterioration.
Fatigue cracking can form within the asphalt mastic (cohesive cracking) or at the interface
of asphalt mastic and aggregate (adhesive cracking). The rate of loading and temperature are the
two most important variables affecting the cracking behavior of the asphalt pavement. Asphalt is
a viscoelastic material, in other words, it has viscous properties at high temperature and elastic
behavior at low temperature. However, studies showed that fatigue cracking happens at
intermediate temperature (20-28°C) (Braham and Underwood 2016). Crack initiation and
propagation can be related to the damage accumulation in an area. Asphalt also contains healing
properties, therefore, cycles of damage and healing occur in the pavement. Eventually, the increase
in the accumulated damage under the continuous loading led to the appearance of the microcracks.
After the appearance of the microcracks, all the energy is allocated to them, resulting in the
formation of a macrocrack which is usually visible to the naked eye. Zhang et al. (2001) and Roque
et al. (2002), introduced a fundamental strain energy threshold for asphalt mixture based on the
viscoelastic fracture mechanic law. The strain energy threshold can be used to evaluate the fracture
resistance of the mixtures. If the energy is less than the threshold value, the microcrack is fully
healable. However, an energy value higher than the threshold energy indicates unhealable
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microcracks and consequently the appearance of macrocracks and failure of the pavement (Roque
et al. 2002; Zahng et al. 2001).
The bottom-up cracking is usually caused by tensile stresses and strains at the bottom of
the pavement layer while the shearing forces between surface and tire and bending on the top of
pavement forms top-down cracking. With the continuous increase in traffic loading, a thicker
structural cross-section with greater bonds between layers is used to prevent the bottom-up
cracking. Three modes can be defined for fatigue cracking; Mode I (opening), Mode II (sliding inplane, and Mode III (sliding out of plane). Finally, fatigue cracking in mixture design should be
considered to prevent the premature failure of the pavement (Braham and Underwood 2016).
During the last decade, various test methods such as four-point beam fatigue (BF), indirect tensile
(IDT) strength, overlay tester (OT), the single-edge notched beam (SENB), disk-shaped compact
tension (DCT), and semi-circular bending (SCB) have been developed with the aim to characterize
the cracking resistance of asphalt mixture. These tests are designed based on different sample
geometry, loading characteristics, and failure criteria. The National Cooperative Highway
Research Program (NCHRP) conducted a comprehensive study, comparing the advantages and
disadvantages of different fatigue cracking tests (Table 2.2).
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Table 2.2. Comparison of Different Fatigue Tests (Zhou et al. 2016)
Test

Test Sample and
Set up

Loading

Cracking
parameter

Variability

Advantage and
Disadvantage
- Medium training time
required

No. Of
cycles

Beam fatigue
- Bottom-up
fatigue
cracking

- Easy and fast data analysis
and interpretation
Very high

Cyclic test
(Fatigue
equation)

(COV>50%)

- Difficult and long sample
preparation process
- Long testing time (hours
to days)
- Expensive equipment
(>$100,000)
- Medium training time
required
- Relatively easy
instrumentation

Indirect
tensile (IDT)
strength
- Top-down
cracking

Cyclic and
monotonic
Test

Creep
compliance
and tensile
strength

- Longer testing time (1-2
hours)
Low

- Easy analysis
- short and easy
interpretation (pass/fail
criteria)

Energy
ratio

- Insensitive to changes in
binder viscosity
- Expensive equipment
(>$100,000)
- Little training time
- None instrumentation
required
Texas overlay
testing
- Reflection
cracking
- Bottom-up
fatigue
cracking

Cyclic test

- Testing time (1min-3
hours)

No. of
cycles

Relatively
high

(or fracture
parameters: A
and n)

(COV=30–
50%)

- Easy analysis
- Quick and easy
interpretation (pass/fail)
- Good correlation with
reflective cracking
- Promising correlation with
fatigue cracking
- Not expensive ($46,000)
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Test

Test Sample and
Set up

Loading

Cracking
parameter

Variability

Advantage and
Disadvantage
- Little training time

Disk-shaped
compact
tension (DCT)

- Good correlation with
low-temperature cracking
Low

-lowtemperature
cracking

Monotonic
Test

Fracture
Energy

(COV=1015%)

-Reflective
cracking

- Short testing time (1-6
min)
- Quick and easy data
analysis and interpretation
(pass/fail criteria)
- Not expensive ($49,000)
- Very long training time
- Easy instrumentation

S-VECD
- Bottom-up
fatigue
cracking

Cyclic test

- Top-down
fatigue
cracking

Fatigue
equation
and damage
parameters

- Longer testing time (1-3
days)

Not defined - Easy analysis with
software
- Quick and easy
interpretation
- Expensive ($97,000)
- Very long training time

Direct
Tension
- Bottom-up
fatigue
cracking

- Medium time and
difficulty for the
instrumentation

Paris’ law
parameters

Not defined

Cyclic test
(or No. of

- Top-down
fatigue
cracking

- Testing time (1-2 hours)
- Easy analysis with special
software

cycles)

- Expensive (>$100,000)
- Little training time
- Fair correlation to field
cracking

Semi-circular
bending
(SCB)
- Bottom-up
and top-down
fatigue
cracking

Monotonic
Test

Energy
release rate

Medium
(COV=20 %)

- No instrumentation
required
- Short testing time (5-10
min)
- Quick and easy data
analysis and interpretation
(pass/fail criteria)
- Not expensive ($20,000)

90

Semi-circular Bending (SCB) Test. SCB has been considered by many researchers due
to its simplicity and application of both field cores and laboratory compacted samples. SCB test is
based on the fracture mechanics and the J-integral. The J-integral considers the elastic-plastic
relation of the asphalt pavement instead of the stress intensity factor used in linear elastic fracture
mechanics (Elseifi et al. 2012). Mull et al. (2002) studied the sensitivity of SCB by testing three
different mixtures; control mixture, CR modified mixture and chemically CR modified asphalt
mixtures. Results showed that Jc parameter identified the mixtures based on their composition and
modifier. In another study, Cooper et al (2015, 2017) demonstrated that a high percentage of
asphaltenes can be related to lower Jc values (Cooper et al. 2015b, 2016). Furthermore, Jc obtained
from the SCB test correlates with field random cracking with an R2 value of 0.73 (Louay N.
Mohammad et al. 2016).
The SCB test can be used to examine the cracking resistance of the asphalt mixtures
containing recycled asphalt materials. SCB is conducted according to ASTM D 8044, “Evaluation
of Asphalt Mixture Cracking Resistance using the Semi-Circular Bend Test (SCB) at Intermediate
Temperatures”. Cylindrical samples are compacted to 7.0 ± 0.5% air voids using a Superpave
Gyratory Compactor. Samples are compacted with a 150 mm diameter, and 57 mm height. The
circular specimens are cut along the diameter resulting in two semi-circular specimens. For this
test, three sets of samples with three different notch depths (25.4, 31.8, and 38.1 mm) are required.
Each set includes four semi-circular samples, resulting in 12 semi-circular notched samples (Figure
2.34). Using a three-point bending set up (Figure 2.35), semi-circular samples are loaded
monotonically with a loading rate of 0.5 mm/min. The test is performed at an intermediate
temperature of 25 ± 0.3°C.
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Figure 2.34. SCB samples

Figure 2.35. SCB test setup
The strain energy up to failure (U) is calculated as the area under the load-displacement
curve up to the maximum load. The linear region in all replicates should be checked for
inconsistencies. The area under the curve is calculated by fitting a polynomial to the curve and
integrating the area from origin to the displacement related to the maximum load (Figure 2.36). In
the next step, plot the measured strain energy versus notch depth and fit a linear regression line
(Figure 2.37). The regression line should have a coefficient of determination (R2) of 90% or higher.
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The slope of the regression line presents the change of strain energy (dU/da). The critical strain
energy release rate (kJ/m2) value is calculated for all the samples based on the following equation:
1 dU

Jc= ( )
b

(2.27)

da

where,
Jc = critical strain energy release rate (kJ/m2);
b = sample thickness (m);
a = notch depth (m);
U = strain energy to failure (kJ); and
dU/da = change of strain energy with notch depth (kJ/m) (ASTM D8044-16, 2016).
Based on Louisiana’s specification, a Jc value of 0.5 kJ/m2 is recommended for adequate
cracking performance (Louisiana Standard Specification for Roads and Bridges 2016).

Figure 2.36. Load-displacement plot for three notch depths (ASTM D8044-16, 2016)
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Figure 2.37. Notch depth versus strain energy plot (ASTM D8044-16, 2016)
Thermal Cracking. Thermal cracking occurs under two different climatic conditions; (1)
cold climates, and (2) dry/hot climate. In very cold climates, thermal stresses are appearing in
asphalt pavement through the slow changes in temperature during the different seasons which is
accompanied by the freeze-thaw cycles. On the other hand, in arid climates, a large temperature
differential is observed during the day and night. When this thermal stress exceeds the tensile
strength of the pavement, thermal cracking or transverse cracking appears. The rate of crack
propagation is further increased as a result of traffic loading (Zhou et al. 2016).
Thermal cracking has been evaluated indirectly using asphalt binder tests such as bending
beam rheometer (BBR) and direct tension test (DTT). However, thermal cracking of the pavement
is also dependent on asphalt mixtures components such as aggregate skeleton and mineralogy,
binder adhesion and the cohesion between binder and aggregate. Therefore, it is necessary to
directly evaluate the thermal properties of the asphalt mixture. Tests which has been used to
evaluate the thermal performance of the asphalt pavement are thermal stress restrained specimen
test (TSRST), asphalt concrete cracking device and BBR. Some other tests that are developed
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based on the fracture mechanic concepts are SCB, DCT, IDT, and SENB. IDT obtains the tensile
strength and linear viscoelastic characterization through creep compliance and uses them to predict
the cracking temperature (Witczak et al. 2000). For fracture test with only tensile mode (Mode I),
peak load is measured to determine the fracture toughness while fracture energy is calculated as
the area under the load-displacement curve. SCB and DCT were used to measure the fracture
energy (Dave and Hoplin 2015).
TSRST measures four different parameters; fracture temperature, fracture strength,
transition temperature, and slope of the curve. A typical stress-temperature curve showing different
parameters of TSRST is presented in Figure 2.38. Yiqui et al. (2012) studied the reliability of
different TSRST parameters and concluded that fracture temperature can be used as a reliable
parameter to evaluate low-temperature cracking of the asphalt mixtures with a gray relation
coefficient of 0.775 (Yiqiu et al. 2012).

Figure 2.38. TSRST stress-temperature curve (Yiqiu et al. 2012)
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The TSRST (AASHTO TP 10-93) is used to determine the tensile strength and temperature
at fracture. Rectangular slab specimens are compacted with the following dimensions; 260.8 mm
(10.25 in.) wide by 320.3 mm (12.5 in.) long by 50mm (2 in.). After compaction, specimens are
cooled down to room temperature and are checked for the required air voids of 7 ± 0.5%. In the
next step, the rectangular slab is cut to produce beam specimens with the dimensions of 50 ± 5 mm
(2.0 ± 0.15 in.) square and 250 ± 5 mm (10.0± 0.25 in.) in length. The prepared beams are attached
at each end to platens of the test machine and placed in an environmental chamber for conditioning.
A tensile load of 50 ± 5 N (10 ± 1 lbs.) is applied to the sample while cooling the sampling at a
rate of 10 ± 1°C per hour. Cooling is continued until the fracture failure of the sample. The thermal
contraction of the long axis of the sample is recorded electronically. TSRST is a strain-controlled
test, therefore, the length of the sample is kept constant, and cooling is continued until failure.
Low-temperature performance of the asphalt mixtures is compared based on the temperature at
which thermal fracture occurred.

Figure 2.39. Thermal stress restrained specimen test (TSRST)
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Permanent Deformation (Rutting). One of the most important distresses of asphalt
pavement in high temperature is the permanent deformation of rutting. Rutting occurs as a result
of progressive densification and shear deformation and usually appears in a form of surface
depression in the wheel path. Rutting is highly dependent on traffic load and temperature. In
addition, poor material quality and construction can also lead to an increase in rutting
accumulation. Three rutting modes are defined for the overall rutting depth of a pavement; loss of
material, densification, and lateral plastic flow with the two latter modes having the main role in
forming the rutting depth. Densification happens at the very early stages of pavement life and is
more significant in pavements with higher air voids. While the shear related deformation
accumulates during the service life of the pavement (Yinfei et al. 2018).
Rutting occurs in three stages: deceleration, stationary and accelerating as shown in Figure
2.40. During the first stage, decelerating, the rate of permanent strain increases while the strain
rate decreases, resulting in the densification mode. In the stationary stage, the strain is accumulated
at a constant rate as a result of the combination of densification with the shear deformation. Finally,
aggregate skeleton deforms, aggregates start to move to the side upheavals and accelerating the
permanent deformation (Witczak et al. 2002).
Different laboratory tests can be used to evaluate the rutting resistance of the asphalt
mixture. These tests can be empirical tests such as asphalt pavement analyzer (APA) and Hamburg
wheel tracking tester (HWTT) which simulate the dynamic effect of traffic load, or fundamental
tests such as triaxle repeated load which studied fundamental engineering properties of the
mixtures. In this study, HWTT was selected due to its reliability and fast testing procedure.
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Figure 2.40. Permanent strain vs loading cycle relationship (Witczak et al. 2002)
The effect of self-healing polymer on resistance to permanent deformation and moisture
susceptibility of the mixtures can be evaluated using the LWT, where cylindrical specimens are
submerged at 50°C, and a 703-N steel wheel is passed across the surface until attainment of 20,000
cycles at a rate of 56 passes per minute. An illustration of a sample mounting configuration is
presented in Figure 2.41. Two circular samples with an air void of 7.0 ± 0.5% are used for each
mixture type. Deformation is measured at 11 different points on the samples (Figure 2.42). Rutting
depth is reported as the average of ST4 to ST8.

Figure 2.41. LWT sample mounting configuration (Rahman and Hossain 2014)
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Figure 2.43 is an illustration of the typical output obtained from the loaded wheel tracking
test plotting the rut depth vs the number of wheel passes. Data analysis includes the postcompaction consolidation, creep slope, stripping inflection point (SIP), and stripping slope. The
post-consolidation is the rutting depth measured after 1,000 wheel passes. The rutting caused
primarily by the plastic flow is presented by the creep slope, and it related to the number passes to
reach a rutting depth of 1 mm. The SIP and stripping slope relates to moisture resistance of the
mixture. The point where stripping starts to dominate the performance of the mixture is SIP. SIP
can be defined as the number of passes at the creep slope and stripping slope intersections. Finally,
the stripping slope represents the rutting caused primarily by moisture damage and is the number
of passes required to create a 1-mm rut depth after the SIP (Yildirim and Kennedy 2001). Based
on Louisiana’s specification a rutting depth less than 6 mm at 20,000 passes is acceptable
(Louisiana Standard Specification for Roads and Bridges 2016).

Figure 2.42. LWT data collection at 11 points (Tsai et al. 2016)
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Figure 2.43. A typical wheel tracking test result (Rahman and Hossain 2014)
2.8

Statistical Analysis

A statistical analysis was conducted to determine whether differences in the performance of asphalt
mixtures were significant. One-way ANOVA with a 95% confidence level and Tukey test were
conducted to identify significant differences in the results. The analysis obtained from JMP
software provided a grouping of the result using letters (A, B, C, D, and so forth). The letter A
presented the highest mean, followed by the subsequent letters. Single letters such as A and B,
demonstrate significant differences, while a double letter designation such as AB or BC, indicates
that the difference between values can be assigned to either of those groups.
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3. EFFECTS OF LIGHT-ACTIVATED SELF-HEALING POLYMERS ON
THE RHEOLOGICAL BEHAVIORS OF ASPHALT BINDER
CONTAINING RECYCLED ASPHALT SHINGLES
3.1

Introduction

Pavement performance is highly dependent on the rheological properties of asphalt binder, to the
extent that with time, the degradation of asphalt rheological properties can lead to the failure of
the pavement (Petersen et al. 1996). During its service life, asphalt pavements are subjected to
oxidation due to a reaction with atmospheric oxygen. The age hardening of asphalt pavements,
caused by asphalt oxidation, leads to a brittle asphalt binder that not only starts to initiate microcracks but also results eventually in the deterioration and failure of pavements (Petersen and
Hansberger 1998). On the other hand, rehabilitation of damaged asphalt pavements produces large
amounts of aged asphalt waste. The use of recycled asphalt waste, such as Recycled Asphalt
Shingles (RAS) and/or Reclaimed Asphalt Pavement (RAP) as a partial replacement of virgin
materials, may significantly reduce virgin materials consumption, negative economic impacts, and
negative environmental effects of asphalt pavement reconstruction. However, there exists a serious
challenge to this approach, due to the fact that the asphalt binder extracted from recycled materials
has been subjected to severe oxidation; as a result, it becomes a hardened and brittle binder. Use
of this material in new asphalt pavement construction may affect the performance and service life
of asphalt pavement by increasing crack susceptibility.
Polymers, which may be defined as large chains of repetitive small molecules, can be added
to asphalt mixtures to improve pavement performance and thus prolong its service life. Polymer-

This chapter, previously published as Shirzad, S., Hassan, M. M., Aguirre, M. A., Cooper, S., and
Negulescu, I. I. (2018). “Effects of Light-Activated Self-Healing Polymers on the Rheological
Behaviors of Asphalt Binder Containing Recycled Asphalt Shingles.” Transportation Research
Record, 2672(28), 301–310, is reprinted here by permission of Transportation Research Record.
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modified binders show increased resistance to rutting, thermal cracking, and fatigue, as well as a
decrease in stripping and temperature susceptibility. Use of polymers can also lead to greater
elastic recovery, a higher softening point, an increased cohesive strength, and substantial ductility
(Yildirim 2007). Furthermore, asphalt binder possesses self-healing properties, which may be
defined as the ability to recover its original properties. The self-healing concept can be introduced
as a solution to the cracking of asphalt pavement, especially those pavements containing recycled
materials. Self-healing of asphalt may be compared to the self-healing of injured skin. Injured skin
self-heals, due to nutrient supplies existing in the body that repair the damaged parts. In asphalt
pavement, self-healing properties may be used to repair the damaged area by closing the cracks,
stopping crack propagation, and eventually enhancing the performance of asphalt pavement.
In the present study, a new generation of ultraviolet (UV), light-activated, self-healing
polymers are evaluated to enhance the elastic recovery of the binder and to increase its self-healing
abilities. The propagation of micro-cracks, due to aging and excessive loading, causes the chemical
breakage of polymer bonds, which in turn produces free radicals. The produced free radicals
subsequently recombine through UV light exposure and thus close the micro-cracks (Ghosh et al.
2011).
3.2

Objectives and Scope

This chapter had three main objectives: (1) to develop an optimized synthesis procedure for
producing a light-activated, self-healing polymers, (2) to examine the thermal stability of the
prepared self-healing polymers, and (3) to evaluate the effects of self-healing light-activated
polymers on the rheological properties of asphalt binder with and without recycled asphalt shingles
(RAS).
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The synthetic degree of produced self-healing polymers was examined using Fourier
Transform Infrared (FT-IR) Spectroscopy, while the thermal stability was analyzed using
Thermogravimetric Analysis (TGA). Furthermore, the effect of light-activated self-healing
polymers on the rheological properties of asphalt binder was quantified by blending virgin binder
with recycled asphalt shingles, with and without the synthesized, self-healing polymers.
3.3
3.3.1

Background
Recycled Asphalt Shingles

Recycled materials application as a partial replacement of virgin binder and aggregate may lead to
a significant reduction in the required amount of virgin materials, thereby decreasing the overall
cost and environmental impacts of asphalt mixture production. One of the sources of recycled
asphalt material is recycled asphalt shingles, which are waste from the roofing industry. RAS
consists of approximately 28% binder and 58% mineral aggregate, together with mineral filler and
glass fibers. Previous studies show that each year, 11 million tons of shingles are generated in the
United States, with only 20% of that amount reused (Oldham et al. 2015). The main challenge that
the asphalt industry is facing in using recycled binder is related to the oxidized nature of the binder.
Due to production characteristics and the aging process, the asphaltene-to-maltene ratio of the
binder tends to increase (Ongel and Hugener 2015). Aging of the binder invariably leads to a stiff
and brittle binder, which may exhibit low deformation characteristics, thereby causing various
distresses such as fatigue and thermal cracking (Yaghoubi et al. 2013). There are also concerns
with the level of blending between virgin and recycled binders, with regard to the contribution of
recycled binder to the total asphalt content of the mixture. These challenges have rendered the use
of recycled materials, especially RAS, to be limited to low content. For instance, the use of RAS
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is not allowed in all states; in most of the states where RAS may be used, the material is limited to
5% by weight of the mixture (Mogawer et al. 2013).
3.3.2

Polymer Applications in Asphalt Pavement

Addition of polymers, natural or synthetic, was initiated in 1843 and has continued to increase
during the last several decades (Thompson and Hoiberg 1979). Polymers were added to the asphalt
binder in order to improve asphalt pavement performance and to increase its service life. A survey
of state agencies showed that 47 states use modified binders at present; 35 of these states would
accept an increase in the amount of modifier in their binders (Bahia et al. 1997). Previous studies
(Sargand wt al 2001, Sebaaly et al. 2003, Newcomb 2003, Partl and Newman 2003) show that
styrene–butadiene–styrene (SBS), styrene-butadiene rubber (SBR), Elvaloy, ethylene-vinyl
acetate (EVA), rubber, polyethylene are the most commonly used asphalt modifiers. Furthermore,
studies showed that the addition of polymers is useful in increasing asphalt pavement’s resistance
to rutting, thermal cracking, and fatigue cracking, as well as a reduction of stripping and
temperature susceptibility. An application of polymers can also result in a greater elastic recovery,
a higher softening point, an increased cohesive strength, and substantial ductility (Yildirim 2007).
3.3.3

Self-Healing of Asphalt Binder

During the last decade, self-healing properties of asphalt pavement received considerable attention
toward addressing the challenges related to recycled binder application in asphalt pavement
construction. Self-healing properties of asphalt may be defined as the recovery of original asphalt
properties, which have been damaged. However, self-healing properties of asphalt binder are
highly dependent on the crack width, rest period, and temperature (Qui et al. 2012). Self-healing
of the asphalt binder can be slow at ambient temperatures and under continuous traffic loads. Yet,
different mechanisms may be used to increase the self-healing capabilities of asphalt binder. Self-
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healing mechanisms may be divided into two groups of extrinsic and intrinsic mechanisms. A
microcapsule self-healing mechanism, together with a vascular network self-healing mechanism,
provides examples of an extrinsic self-healing mechanism, whereby the damage is recovered by
releasing the preserved healing agent into different containers during the crack appearance (Hia et
al 2016, Aguirre et al 2016, Shirzad et al 2017, Shirzad et al. 2016). The second group of selfhealing materials presents an intrinsic self-healing material, which holds the ability to heal
repetitively after the appearance of damages/cracks, with no need for any other healing agent or
catalyst. Photochemical self-healing polymers are an example of intrinsic self-healing materials,
used as self-healing mechanisms in this research (Hia et al 2016).
3.3.4

Light-Activated Self-Healing Polymer

UV light-activated, self-healing polyurethane, used in this study, was introduced by Ghosh et al.
(Ghosh et al 2011). The self-healing material is developed by combining polyurethane and
oxetane-substituted chitosan (OXE-CHI) into a cross-linked polymer of oxetane substituted
chitosan-polyurethane (OXE-CHI-PUR). This new polymer has the ability to self-repair upon UV
light exposure by means of remodeling the damaged network. During this self-healing process,
dormant oxonium ions are activated to react with accessible macromolecular ends, which result
from the damage or cracks.
The main components of the light-activated, self-healing polymer are chitosan (CHI),
oxetane (OXE) and polyurethane (PUR). These components were selected based on their
functionality. Chitosan was selected to provide UV light sensitivity, oxetane was chosen to
provide a constraint in the four-member ring, and PUR was selected to provide mechanical
integrity as well as network heterogeneity, and to facilitate the cleavage of the oxetane ring. During
the micro-crack appearance in asphalt pavement containing light-activated self-healing polymer,
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different chemical bonds in OXE-CHI-PUR will be broken. Consequently, a breakage of the bonds
generates unstable, free radicals. These radicals will recombine through UV light exposure; during
the recombination, the radicals will repair damaged areas of the asphalt binder (Ghosh et al 2011).
3.4
3.4.1

Experimental Program
Test Materials

The experimental program encompassed a straight binder (PG 67-22) and post-consumer waste
shingles (PCWS) with a 20% binder content, which was provided by a local contractor. Asphalt
binder was extracted from RAS based on AASHTO T 164 and using trichloroethylene as a solvent.
Afterward, the solvent (trichloroethylene) was removed based on the procedure described in
AASHTO R 59. The extracted binder from RAS was then added to selected asphalt binder blends
by 5% weight of the binder.
Chemicals required for OXE-CHI production are Chitosan (CHI), Sodium hydroxide
(NaOH) beads, isopropanol alcohol and oxetane (OXE). In addition, dimethyl sulfoxide (DMSO),
dibutyltin dilaurate (DBTDL), polyethylene glycol (PEG) and hexamethylene diisocyanate (HDI)
were used for the production of OXE-CHI-PUR.
3.4.2

Light Activated Self-Healing Polymer Preparation Procedure

Chitosan was added into 150 g of sodium hydroxide solution and stirred for 48 hours at 0⁰C; the
solution was then refrigerated at 0⁰C for another 48 hours. In the following step, 50 ml of precooled isopropyl alcohol were added to the thawed solution and stirred for one hour. After adding
pre-cooled 3-chloro-3-methyl oxetane (OXE) into the mixture, the temperature was raised to 80⁰C
and stirred for 12 hours. The prepared solution was then filtered and washed with methanol to
provide a neutral pH. Next, the solution was dried at 60⁰C for 12 hours to remove the excess
methanol. The oxetane-substituted chitosan macromonomer (OXE-CHI) was polymerized by
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dispersing OXE-CHI in dimethyl sulfoxide (DMSO) with a pH=6.8 and an exposure to UV
radiation for 20 minutes. The product was then washed with methanol and dried. A non-acidic
route was selected for the OXE-CHI macromonomer production in order to preserve the
functionality of the amino group, as well as to maintain the un-opened ring structure of the OXE
(Ghosh et al 2011).
Polymerized OXE-CHI was then dispersed in DMSO and sonicated at 25⁰C for 12 hours,
followed by stirring at 80⁰C for 48 hours. The final, self-healing polymer was generated by reacting
HDI with dispersed OXE-CHI and polyethylene glycol (PEG) under a nitrogen atmosphere at 25⁰C
for 10 min (Ghosh et al 2011).
3.4.3

Light Activated Self-Healing Polymer Characterization
Fourier Transform Infrared (FT-IR) Spectroscopy. During FT-IR spectroscopy,

infrared radiation was passed through the self-healing polymer samples; the infrared spectrum was
achieved by determining the fraction of the incident radiation absorbed at a specific energy. The
produced OXE-CHI and OXE-CHI-PUR cross-linked networks were characterized by comparing
obtained FT-IR spectra of CHI with OXE-CHI, as well as HDI with OXE-CHI-PUR.
Thermal stability. An asphalt mixture preparation procedure may include heating at up to
163⁰C for two hours. Thus, the produced self-healing polymer should have the needed thermal
strength to resist asphalt mixture production temperature. The thermal stability of light-activated
self-healing polymer was examined by Thermogravimetric Analysis (TGA), using a Universal
V4.3A TA Instrument thermobalance. Results obtained from the TGA analysis demonstrated
changes in the properties of the self-healing polymer, regarded as a function of increasing
temperature with a constant heating rate (20ºC/min).
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3.4.4

Effect of Light-Activated Self-Healing Polymer on Rheological Properties of Asphalt
Binder

To assess the effects of light-activated self-healing polymer on the rheological properties, asphalt
binder blends consisting of a binder mixed with or without RAS, and self-healing polymer were
prepared in the laboratory. Extracted binder from RAS was added as 5% of the weight of the
binder, and self-healing polymer was added to the binder at three different dosage rates by weight
of the binder; the results were compared to the virgin asphalt binder (Table 3.1). In order to achieve
a uniform distribution of self-healing polymer in the binder blends, a mechanical stirrer with a
high-shear rate of 3,600 rpm for 30 minutes was used. Prepared blends were characterized, using
laboratory rheological tests (rotational viscometer, the dynamic shear rheometer and bending beam
rheometer), and by comparing the Superpave Performance Grade (PG) of the modified binder
blends to the unmodified binder. Furthermore, prepared samples (DSR and BBR samples), were
exposed to 3 different duration of UV light (1h, 24h, and 48h) to examine the effect of various UV
exposure on the performance of the binder blends containing self-healing polymer.
The viscosity of the binder blends, with or without RAS, and with or without self-healing
polymer, were measured using a rotational viscometer, based on AASHTO T 316 (AASHTO
2013). During the test, the torque required for a constant rotational speed of a spindle submerged
in the binder is measured and is then converted to the viscosity of the binder. The RV is conducted
at high temperature, in order to simulate the manufacturing and construction temperature; the result
relates to the workability required for pumping and mixing of the binder.
A dynamic shear rheometer was performed based on AASHTO T 315, in order to characterize the
viscous and elastic behaviors of asphalt binders at intermediate to high temperatures (AASHTO
2016). DSR was conducted on both un-aged and RTFO aged samples to measure the sample’s
complex shear modulus (G*) and phase angle (δ). The complex shear modulus is an indication of
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the binder’s resistance to deformation, while the phase angle represents the lag between applied
stress and obtained strain. G*/ sin δ, which is the elastic portion of complex modulus, should be
large where rutting is of the greatest concern. The higher the G*, the more resistant the binder is
to permanent deformation; with a lower δ, the binder shows improved elastic properties. The
bending beam rheometer test was performed based on AASHTO T 313-06 (AASHTO 2016) to
evaluate the performance of prepared binder blends at low service temperature. Parameters
measured using BBR are creep stiffness and creep slope (m-value). Moreover, useful temperature
interval (UTI) of binder blends were calculated as the range between the minimum and maximum
temperature of binder blends where it is expected to have adequate performance.
Table 3.1. Binder Blends Compositions
Binder
Blend

Binder
Type

RAS

Self-Healing Polymer

(by weight of binder)

(by weight of binder)

UV
exposure

67CO

PG 67-22

-

-

-

67-5RAS

PG 67-22

5%

-

-

67-5RAS-1P

PG 67-22

5%

1%

1h, 24h, 48h

67-5RAS-3P

PG 67-22

5%

3%

1h, 24h, 48h

67-5RAS-5P

PG 67-22

5%

5%

1h, 24h, 48h

A Multiple Stress Creep Recovery (MSCR) test of asphalt binder was performed based on
AASHTO TP 70, in order to examine the high service temperature properties and accordingly, to
assess the rutting potential of the prepared asphalt binder blends, with or without self-healing
polymer. The MSCR test measures the percent recovery, which indicates the elastic response in
an asphalt binder; the non-recoverable creep compliance, in turn, is an indicator of the asphalt
binder’s resistance to permanent deformation under a repeated load. MSCR was performed at two
stress levels, 0.1 kPa and 3.2 kPa with ten creep and recovery cycles tested at each stress level
(AASHTO 2013).
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3.5
3.5.1

Results and Analysis
Light Activated Self-Healing Polymer Characterization
Fourier Transform Infrared (FT-IR) Spectroscopy. The first step of self-healing

polymer preparation reacted chloromethyl oxetane (OXE-cl) with chitosan in order to attach the
OXE ring to the -OH group of CHI at the C6 position of the CHI. In this study, OXE-CHI
macromonomers were produced with a molar ratio of (OXE-CHI= 1:1). The FT-IR spectra of CHI
and OXE-CHI, presented in Figure 3.1, confirmed the mentioned reaction. Characteristic bands of
CHI, observed on both the FT-IR spectra of CHI and OXE-CHI, may be listed as 1030 cm-1 and
1070 cm-1 corresponding to the C-O bond, 1148 cm-1 corresponds to the ether bond of CHI, 1371
cm-1, and 1420 cm-1 corresponds to C-C and CH bonds, while 1583 cm-1 corresponds to Amide I.
However, a new peak was observed at 1348 cm-1, but only on the FT-IR spectra of OXE-CHI
(Figure 3.1). This new peak corresponds to C-CH3 of OXE, thereby confirming the successful
reaction of OXE and CHI.

Figure 3.1. FTIR spectra of CHI and OXE-CHI
In the next step, macromonomers of OXE-CHI were used to produce cross-linked networks of
OXE-CHI-PUR. PUR networks were produced, based on an adjusted stoichiometric of reactive
groups of HDI, PEG, and OXE-CHI; respectively, NCO, OH, and NH2 (4). During this reaction,
amidogens of CHI react with an isocyanate group of HDI, thus producing a carbamide of self120

healing polymer. Due to this reaction, the band at 2260 cm-1, which corresponds to the isocyanate
group of HDI (Figure 3.2(a)), was removed in the FT-IR spectra of OXE-CHI-PUR; the band at
1616 cm-1 was added, showing the presence of carbamide.

(a)

(b)
Figure 3.2. (a) FTIR spectra’s of HDI; (b) FTIR spectra’s of OXE-CHI-PUR
Thermal Stability. Figure 3.3 presents the Thermogravimetric Analysis of produced
OXE-CHI-PUR cross-linked networks. As shown in the plot, the weight loss of the sample was
less than 10% in the first 200⁰C. There was a weight loss between 181⁰C and 476⁰C, which is
higher than an asphalt mixture’s preparation temperature.
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Figure 3.3. TGA result of OXE-CHI-PUR
3.5.2

Effect of Light-Activated Self-Healing Polymer on Rheological Properties of Asphalt
Binder

Five binder blends, with or without RAS, and with or without self-healing polymers were prepared
and tested in this study in order to examine the effects of OXE-CHI-PUR, a cross-linked network
on the rheological properties of asphalt binder, compared to the unmodified binder.
Rotational Viscometer (RV). The viscosity of the five prepared binder blends was
measured at 135⁰C, using a rotational viscometer. The results are presented in Figure 3.4. The
viscosity of the unmodified binder (i.e., 67CO) was increased from 101 mPa.s to 122 mPa.s for
the binder blend containing 5% RAS (i.e., 67-5RAS). However, a decrease was observed in the
viscosity of the binder blends containing the self-healing polymers. The viscosity of the binder
blends containing 1%, 3%, and 5% self-healing polymers by weight of binder (i.e., 67-5RAS-1P,
67-5RAS-3P, and 67-5RAS-5P) was 110 mPa.s, 109 mPa.s and 107 mPa.s, respectively. The
measurements showed that the addition of self-healing polymer reduced the viscosity of the binder
blends containing RAS. However, the viscosity of the unmodified binder was not completely
recovered.
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Figure 3.4. Measured viscosity of binder blends
Dynamic Shear Rheometer (DSR). The effects of self-healing polymer on the rheological
properties of the five prepared samples were tested at intermediate and high temperatures using
DSR and at low temperature using BBR. The results, presented in Figure 3.5, show that the
addition of RAS to the unmodified binder caused an increase in the complex shear modulus (G*
value) of the unaged samples from 1.92 for an unmodified binder (67CO) to 2.72 for a binder blend
containing 5% RAS (i.e., 67-5RAS). Furthermore, the G* value of the binder blend containing 5%
RAS (i.e. 67-5RAS) was decreased to 2.40, 2.58, and 2.64 for binder blends containing 1%, 3%,
and 5% self-healing polymers (i.e., 67-5RAS-1P, 67-5RAS-3P, and 67-5RAS-5P), respectively.
The phase angle (δ) of the unmodified binder (i.e., 67CO) for an unaged sample was measured at
87º at 67CO. This value decreased to 85.3 º by adding 5% RAS to the unmodified binder blend
(i.e., 67-5RAS). The phase angle also decreased to 85.5º, 84.6º, and 83.5º due to the addition of
1%, 3%, and 5% self-healing polymer to the binder blends (i.e., 67-5RAS-1P, 67-5RAS-3P, and
67-5RAS-5P). The lower phase angle values from the addition of the self-healing polymer may be
an indication of improvement in the elastic behavior of the binder blends containing RAS and selfhealing polymer. The same behavior was also observed for RTFO samples and at different
temperatures (i.e., 67ºC, 70ºC, and 76ºC).
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Figure 3.5. Measured complex modulus (G*) and phase angle (δ) of binder blends
G*/sinδ of the binder blends (Table 3.2) was measured as an indicator of the rutting
susceptibility of different asphalt binder blends. The G*/sinδ value of the unmodified binder (i.e.,
67CO) increased from 1.92 to 2.73, due to the addition of RAS. When 1% of self-healing polymer
was added to the blend containing an unmodified binder and RAS (i.e., 67-5RAS-1P), the G*/sinδ
value decreased to 2.39. The blends containing 3% and 5% self-healing polymer (i.e., 67-5RAS3P and 67-5RAS-5P) exhibited a higher G*/sinδ value of 2.60 and 2.66, compared to the blend
with 1% self-healing polymer.
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Bending Beam Rheometer (BBR). Low-temperature properties of the prepared binder
blends were examined using BBR. Result presented in Table 3.2 shows that the addition of RAS
caused an increase in the stiffness and a decrease in the m-value of the binder blends. Furthermore,
an increase in the stiffness and a decrease in the m-value of the binder blends were observed as the
result of self-healing polymer modification.
Performance Grade (PG). The final performance grade is presented in Table 3.2. In
summary, the addition of RAS caused an increase in the high-temperature grade of the binder
blend (from 64 to 70), which is an indication of a stiffer binder. G*/sinδ values were reduced
through the incorporation of self-healing polymers (from 71.2 to 70.2, 70.3 and 70.8 respectively
by application of 1%, 3% and 5% of self-healing polymer), but the decrease was insufficient to
regain the original high-temperature grade of the unmodified binder. Furthermore, changes in lowtemperature grade caused by the addition of RAS and self-healing polymer were not significant
enough to alter the low-temperature grade of the binder blends.
Results from tests performed on binder blends exposed to UV light are presented in Table
3.3. An increase in the continuous high-temperature grade of the blends was observed with the
increase in the duration of UV exposure. Furthermore, delta Tc was calculated for all binder blends
as the difference between the critical stiffness temperature and the m-value critical temperature.
As a result of RAS addition, delta Tc was increased from -2.8 (67CO) to -4.0 (67-5RAS). However,
the addition of 1%, 3% and 5% of self-healing polymer decreased delta Tc from -4.0 to -2.0, -1.7
and -1.8, respectively. These values were further reduced with UV light exposure.
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Table 3.2. Rheological Test Results of Binder Blends
Test

Spec.

Temp.

67CO

67-5RAS

67-5RAS-1P

67-5RAS-3P

67-5RAS-5P

Test on Original Binder
G*/sinδ

>1.0 kPa

64 ºC

1.92 kPa

2.73 kPa

2.39 kPa

2.60 kPa

2.66 kPa

G*/sinδ

>1.0 kPa

70 ºC

0.88 kPa

1.24 kPa

1.10 kPa

1.21 kPa

1.24 kPa

>1.0 kPa

76 ºC

-

0.61 kPa

0.53 kPa

0.61 kPa

0.63 kPa

*

G /sinδ

Test on RTFO
G*/sinδ

>2.2 kPa

64 ºC

3.75 kPa

-

5.02 kPa

5.15 kPa

5.49 kPa

G*/sinδ

>2.2 kPa

70 ºC

1.68 kPa

2.55 kPa

2.26 kPa

2.30 kPa

2.45 kPa

G*/sinδ

>2.2 kPa

76 ºC

-

1.21 kPa

1.08 kPa

1.09 kPa

1.15 kPa

Test on RFTO+PAV
G*.sinδ

<5000 kPa

25 ºC

3920 kPa

4885 kPa

4150 kPa

4110 kPa

4170 kPa

G*.sinδ

<5000 kPa

22 ºC

5795 kPa

6925 kPa

5855 kPa

5850 kPa

5950 kPa

S

<300 MPa

-6

92 Mpa

98 Mpa

110 Mpa

110 Mpa

115 Mpa

S

<300 MPa

-12

197 Mpa

190 Mpa

228 Mpa

218 Mpa

228 Mpa

S

<300 MPa

-18

351 Mpa

360 Mpa

401 Mpa

397 Mpa

401 Mpa

m-value

>0.3

-6

0.374

0.357

0.363

0.370

0.365

m-value

>0.3

-12

0.312

0.302

0.306

0.312

0.309

m-value

>0.3

-18

0.268

0.264

0.265

0.265

0.259

PG

-----

-----

64-22

70-22

70-22

70-22

70-22

Multiple Stress Creep Recovery (MSCR). The percent recovery, the non-recoverable
creep compliance (Jnr), and the percent difference between Jnr were measured using MSCR, in
order to evaluate the rutting susceptibility of the prepared binder blends at high temperature. The
test was conducted at 67⁰C and the results are presented in Table 3.4. The percent recovery of the
samples increased by increasing the percentage of self-healing polymers. A percent recovery of
4.9% was observed for a binder blend containing 5% RAS (i.e., 67-5RAS). An addition of 1%
self-healing polymer (i.e., 67-5RAS-1P) decreased the percent recovery value to 4.3%. However,
this value was increased to 6.7% for a binder blend with 5% self-healing polymer (i.e., 67-5RAS-
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5P). Additionally, a decrease was observed in the non-recoverable creep compliance (Jnr) of the
samples. The measured Jnr of the binder blends with 1%, 3%, and 5% self-healing polymer was
3.00, 2.81, and 2.64, respectively. The results obtained from the MSCR test indicates an
improvement in the rutting resistance of the binder blends with the use of 5% self-healing polymer.
Table 3.3. Rheological Test Results of Binder Blends exposed to UV light
UV Exposure

-

1h

24h

48h

PG

Continuous
grading

UTI

∆Tc

67Co

64-22

67.9-23.6

91.5

-2.8

67-5RAS

70-22

71.2-22.3

93.5

-4

67-5RAS-1P

70-22

70.2-24.9

95.1

-2

67-5RAS-3P

70-22

70.3-25.2

95.5

-1.7

67-5RAS-5P

70-22

70.8-24.9

95.7

-1.8

67-5RAS-1P

70-22

70.9-25.7

96.6

-1.3

67-5RAS-3P

70-22

70.9-25.8

96.7

-0.6

67-5RAS-5P

70-22

72-25.7

97.7

-0.2

67-5RAS-1P

70-22

71.5-24.8

96.3

-0.6

67-5RAS-3P

70-22

71.6-25.6

97.2

-0.6

67-5RAS-5P

70-22

71.8-25.7

97.5

-0.5

67-5RAS-1P

70-22

72-25.3

97.3

-1.6

67-5RAS-3P

70-22

71.5-25.4

96.9

-0.8

67-5RAS-5P

70-22

72-25.4

97.4

-0.4

Binder Blend
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Table 3.4. MSCR Test Results

3.6

% Recovery

Jnr (1/kPa)

0.1 kPa

3.2 kPa

0.1 kPa

3.2 kPa

Jnr
difference

67CO

1.62%

-0.50%

3.47

3.77

8.65%

67-5RAS

4.86%

0.58%

2.32

2.60

12.31%

67-5RAS-1P

4.33%

0.27%

2.70

3.00

12.85%

67-5RAS-3P

5.17%

0.56%

2.46

2.81

14.09%

67-5RAS-5P

6.69%

0.81%

2.25

2.64

17.12%

67-5RAS-1P-1h UV

5.76%

0.71%

2.22

2.53

13.92%

67-5RAS-3P-1h UV

5.40%

0.69%

2.31

2.61

13.52%

67-5RAS-5P-1h UV

6.25%

1.50%

1.80

2.11

16.88%

67-5RAS-1P-24h UV

6.38%

0.91%

2.12

2.42

14.95%

67-5RAS-3P-24h UV

6.18%

0.93%

2.13

2.45

14.60%

67-5RAS-5P-24h UV

6.12%

0.79%

2.23

2.59

15.73%

67-5RAS-1P-48h UV

6.33%

1.14%

1.96

2.24

13.87%

67-5RAS-3P-48h UV

6.80%

1.01%

2.07

2.41

15.99%

67-5RAS-5P-48h UV

6.52%

0.90%

2.24

2.61

16.66%

Binder Blends

Summary and Conclusions

An innovative, light-activated, self-healing polymer was synthesized in the laboratory by means
of a photocatalytic-based chemical method. The synthetic degree of produced self-healing
polymers was examined, using FT-IR spectroscopy, while the thermal stability was analyzed by
means of TGA. In addition, the effect of light-activated self-healing polymer on the rheological
properties of asphalt binder was evaluated by blending virgin binder with recycled asphalt shingles
with and without self-healing polymers. Based on the results of this study, the following
conclusions may be drawn:
•

The FT-IR analysis confirmed the successful synthesis of cross-linked networks of OXECHI-PUR polymer in the laboratory. In addition, TGA results showed that the produced
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polymers achieved the required thermal stability for resisting the high temperature during
the asphalt mixture’s production processes.
•

The results of the rotational viscosity test demonstrated that the addition of RAS to an
unmodified binder could lead to an increase in the viscosity of the binder blend. However,
a reduction in the measured viscosity of binder blends containing RAS was observed using
self-healing polymers. This decrease, caused by self-healing polymer incorporation, may
improve the workability of binder blends containing stiff, recycled materials.

•

DSR test results showed that G* and G*/sinδ values of binder blends containing only RAS
decreased with the addition of 1% self-healing polymer. These values increased by
increasing the percentages of self-healing polymer to 3% and 5%. An increase in G* and
G*/sinδ and a decrease in δ of binder blends was observed with self-healing polymer when
compared to the binder blends containing only RAS.

•

Performance grading results showed an increase in high-temperature grade of the binder
blends containing RAS and binder blends containing both RAS and self-healing polymer.
However, the low-temperature grade was the same for all tested binder blends.

•

The difference between the critical stiffness temperature and the m-value critical
temperature (Delta Tc) showed an improvement in low service temperature performance
for samples exposed to UV light, with binder blend containing 5% self-healing polymers
showing the best results.

•

Based on the results from the MSCR test, a binder blend, containing 5% RAS and 5% selfhealing polymer, showed the highest percent recovery among the tested binder blends,
indicating that this binder blend showed the most desirable characteristics against rutting.
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4. RHEOLOGICAL PROPERTIES OF ASPHALT BINDER MODIFIED
WITH RECYCLED ASPHALT MATERIALS AND LIGHTACTIVATED SELF-HEALING POLYMERS
4.1

Introduction

Asphalt binder is a viscoelastic material with self-healing abilities, which can restore its original
properties by healing the micro-cracks and providing an asphalt mixture with higher durability.
Yet, the rate of asphalt mixture’s crack healing process is slow for conventional asphalt binders at
ambient temperature and under continuous loading (Tabakovic and Schlangen 2015). On the other
hand, the application of recycled asphalt materials such as Reclaimed Asphalt Pavement (RAP)
and Recycled Asphalt Shingle (RAS) has received considerable attention due to its economic and
environmental advantages. Various studies have been conducted in recent years with the aim to
produce asphalt mixtures with high percentages or even 100% of recycled materials (Xuan et al
2019, Gomex-meijide et al. 2018, Dinis-almeida et al 2016, Nazzal et al 2015). Even with these
advantages, the use of high content of recycled asphalt materials is challenging as the recycled
binder is subjected to oxidation and aging during its service life. A severely aged binder is
hardened and brittle, and as a result, it may increase the cracking susceptibility of the newly
constructed mixture. In addition, the increase in the binder’s viscosity and the loss of relaxation
can negatively affect the self-healing properties of the binder, possibly causing premature failure
of the pavement.
During the last decade, researchers have introduced different innovative self-healing
approaches with the aim to enhance the self-healing properties of asphalt mixtures. Using these

This chapter, previously published as Shirzad, S., Hassan, M. M., Aguirre, M. A., L.N. Mohammad,
Cooper, S., and Negulescu, I. I. (2019). “Rheological properties of asphalt binder modified with
recycled asphalt materials and light-activated self-healing polymers.” Journal of Construction and
Building Materials, Volume 220, Pages 187-195, is reprinted here by permission of Elsevier.
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emerging approaches, the rate of crack-healing increases resulting in an asphalt binder with
superior performance (Tabakovic and Schlangen 2015). A smart self-healing technique detects the
damage and autonomously starts the repair. Based on this repair mechanism, self-healing
techniques can be categorized into two groups of intrinsic and extrinsic mechanisms. In the
intrinsic approach, a self-healing agent is embedded in a container such as microcapsules or hollow
fibers (Shirzad et al 2016, Shirzad et al 2017), and is released through the appearance of the crack
and breakage of the containers shell. For the extrinsic group, the self-healing agent is present in
the material in a reactive form. In this case, the self-healing mechanism is activated with external
stimuli such as UV light, heat, or chemicals (Hia et al 2016). Self-healing UV-light activated
polymer is a novel technique that combines two approaches of self-healing and polymer
modification to enhance the self-healing and rheological properties of the asphalt binder while
providing benefits of polymer modification.
4.2

Objectives and Scope

The objective of chapter 4 was to investigate the rheological properties of asphalt binder blends
containing different percentages of extracted binder from recycled asphalt materials (5% RAS,
20% RAP, and 5% RAS+20% RAP) and cured self-healing polymer. Chemical tests (HighPressure Gel Permeation Chromatography (HP-GPC), and Fourier Transform Infrared
Spectroscopy (FTIR)) were conducted to achieve a better understanding of recycled materials and
self-healing polymers effects on the aging process of the binder blends. In addition, rheological
properties of the prepared binder blends were examined using rheological tests (Dynamic Shear
Rheometer (DSR), Bending Beam Rheometer (BBR), and the Multiple Stress Creep Recovery
(MSCR)), and by comparing the Superpave Performance Grade (PG) of the blends. Finally, the
fatigue behavior of binder blends was evaluated using the Linear Amplitude Sweep (LAS) test.
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4.3

Background

Asphalt binder is a viscoelastic material that is used in asphalt mixture to provide the required
adhesion between the aggregate. Therefore, the asphalt binder has a vital role in providing the
necessary stability of the asphalt mixture under traffic loads. A viscous binder with high stiffness
provides a good rutting resistance at high temperature, while the elastic properties at ambient
temperature may lead to enhanced cracking performance. Incorporation of recycled asphalt
materials such as RAS and/or RAP in the construction of new pavements can significantly affect
the properties of asphalt binder and the mixture. Although RAS and RAP can improve the rutting
resistance through the increase in stiffness, cracking performance may be affected negatively.
Concerns related to the premature failure of the pavement is more serious when air blown binder
from RAS is incorporated into an asphalt mixture (Abbas et al 2013).
Self-healing properties of asphalt binder can be used to address concerns related to cracking
performance. Self-healing of asphalt mixtures occurs when micro-cracks are closed because of
inter-diffusion between the materials on the faces of the cracks. However, the rate of crack closing
is highly dependent on the temperature and rest period (Tabakovic and Schlangen 2015). This
behavior is also affected by the thixotropy of the binder, which causes the asphalt binder to
transform from the solid to the gel state at high temperature. As a result, cracks close during the
warm weather and re-open when there is a decrease in the temperature or when they are subjected
to high traffic loads (Mallick et al 2012).
Due to the temperature dependency of self-healing properties of the binder, heating of the
pavement using electromagnetic induction was suggested as a solution. However, in order to make
the pavement a conductive material, metallic additives such as steel wool should be added to the
mixture (Garcia et al 2009). In another approach, healing agents or rejuvenators were used to
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reverse the aging process of the oxidized binder, and to reduce its stiffness, providing a better flow
to fill the cracks (Aguirre et al 2017). Furthermore, rejuvenator can be preserved in a microcapsule
during the early years of the pavement service life. When micro-cracks appear, the load on the
microcapsule shell leads to its breakage. As a result, rejuvenator is released in the vicinity of the
micro-cracks, improving binders’ property in that area, and enhancing its self-healing properties
(Garcia 2011). Nanomaterials were also used to enhance the rheological properties of the binder
and to increase thermal and fatigue cracking resistance (Kavussi and Barghabany 2015). The high
surface energy of the nanomaterials tends to move them toward the tip of the crack delaying crack
propagation (Qui et al 2009).
Polymer modifiers are another group of additives that have been incorporated into an
asphalt mixture to improve its performance. When a polymer is blended with asphalt, the polymer
absorbs part of the low molecular weight oil portions of the asphalt binder and become swollen.
Next, the polymer modifier creates a network within the asphalt binder, providing a stronger bond
with the aggregate. This mechanism results in a more durable asphalt mixture with longer service
life. However, because of the higher viscosity, polymer modifiers may demonstrate difficulties in
workability. There are also issues with respect to polymer thermal degradation at high temperature
(Mazumdar et al 2016, Polacco et al 2015). Properties of the polymer-modified binder are highly
dependent on the type and properties of the polymer, the content of the polymer, properties of the
binder, and mixing process of the binder and polymer (Woo et al 1998).
A new group of polymers is self-healing polymers, which contain inherent repeatable
healing abilities. The healing process occurs at the molecular level, without the presence of healing
agents or catalyst. However, different external stimuli are required for triggering the self-healing
process (Hia et al 2016). For photochemical self-healing polymers, the healing process is triggered
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with UV light exposure and by re-bonding reactive groups. Ghosh et al. (Ghosh et al 2011)
introduced a UV light-activated, self-healing polyurethane. This polymer is developed by
combining polyurethane and oxetane-substituted chitosan (OXE-CHI) into a cross-linked polymer
of oxetane substituted chitosan-polyurethane (OXE-CHI-PUR). The appearance of micro-cracks
in the mixture containing UV light-activated self-healing polymer leads to cleavage of the
polymers bond. As a result of this bond cleavage, unstable free radicals are produced. During the
recombination of free radicals through UV light exposure, micro-cracks are sealed and the
damaged area is repaired (Ghosh et al 2011). Therefore, the use of UV-light activated self-healing
polymer in asphalt pavements may result in improved performance due to the polymer
modification and an enhanced crack healing property because of the self-healing capabilities of
the polymer.
4.4
4.4.1

Experimental Program
Test Materials

In order to gain a better understanding of the effects of self-healing polymers on the viscoelastic
properties of the binder, two binders, a neat binder (PG 67-22) and a polymer-modified binder (PG
70-22M), were used in this study. RAS used was a Post-Consumer Waste Shingle (PCWS),
provided by a local contractor. The RAS and RAP used had a binder content of 20% and 5%,
respectively. Binder extraction was performed based on AASHTO T 164. The binder was
separated from aggregate using trichloroethylene as a solvent. Then, the trichloroethylene was
removed based on the procedure described in AASHTO R 59. Furthermore, a High-Pressure Gel
Permeation Chromatography (HP-GPC) test was conducted on the extracted binder from RAS and
RAP to obtain the molecular weight distribution. Results are presented in Table 4.1.
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The UV light-activated self-healing polymer used in this study is oxetane substituted
chitosan-polyurethane (OXE-CHI-PUR). The three main components of OXE-CHI-PUR were
selected based on their functionality. Chitosan (CHI) is used to provide UV light sensitivity, while
oxetane (OXE) is a cyclic oxide compound and was opted to deliver a four-member ring. In
addition, polyurethane (PUR) provides mechanical integrity, network heterogeneity and facilitates
the cleavage of the oxetane ring. Further information related to the self-healing polymer test
material, production process, and characterization were presented in a previous study (Shirzad et
al 2018).
Table 4.1. HP-GPC Results for RAS and RAP Used in this Study
Molecular Weight
Components

Others

HMW

LMW

(>50K Daltons)

(3K-50K Daltons)

(<3K Daltons)

RAS (PCWS)

8.10%

26.69%

65.21%

RAP

13.31%

30.31%

56.38%

Binder blends were prepared with two different binders, with and without extracted binder
from recycled asphalt materials (5% RAS, 20% RAP, 5% RAS+20% RAP by the weight of the
binder), and with and without 5% self-healing polymer. The percentage of RAP in the
experimental program was selected based on the maximum allowable RAP percentage in
Louisiana. For RAS, since it is not allowed in Louisiana, the maximum allowable percentage in
Texas was used. In order to achieve a uniform distribution of self-healing polymer in the binder
blends, a mechanical mixer rotating at a shear rate of 3,600 rpm for 30 minutes was used.
Furthermore, samples were exposed to UV light for three different durations of 0, 1h, and 48h. A
UV lamp with a 302 nm wavelength was placed at a 100-mm distance from the samples to provide
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a UV radiation intensity of 1 mW/cm2. The UV light set up was selected based on the typical
intensity of sunlight, which is between 1 and 2 mW/cm2 at a wavelength below 350 to 400 nm.
Binder blends composition used in this study is presented in Table 4.2.
Table 4.2. Binder Blends Compositions
Binder
Type

RAS/RAP

Self-Healing Polymer

(by weight of binder)

(by weight of binder)

UV
exposure

67CO

PG 67-22

0

0%

0

67-5P

PG 67-22

0

5%

0, 1h, 48h

67-5RAS

PG 67-22

5% RAS

0%

0

67-5RAS-5P

PG 67-22

5% RAS

5%

0, 1h, 48h

67-20RAP

PG 67-22

20% RAP

0%

0

67-20RAP -5P

PG 67-22

20% RAP

5%

0, 1h, 48h

67-5RAS-20RAP

PG 67-22

5% RAS+20% RAP

0%

0

67-5RAS-20RAP -5P

PG 67-22

5% RAS+20% RAP

5%

0, 1h, 48h

70CO

PG 70-22 M

0

0%

0

70-5P

PG 70-22 M

0

5%

0, 1h, 48h

70-5RAS

PG 70-22 M

5% RAS

0%

0

70-5RAS-5P

PG 70-22 M

5% RAS

5%

0, 1h, 48h

70-20RAP

PG 70-22 M

20% RAP

0%

0

70-20RAP -5P

PG 70-22 M

20% RAP

5%

0, 1h, 48h

70-5RAS-20RAP

PG 70-22 M

5% RAS+20% RAP

0%

0

70-5RAS-20RAP -5P

PG 70-22 M

5% RAS+20% RAP

5%

0, 1h, 48h

Binder Blend

It should be noted that in a previous study (Shirzad et al 2018), the authors performed
Superpave PG grading and MSCR on binder blends prepared with PG 67-22, with or without 5%
RAS, and using three different percentages of self-healing polymer (1%, 3%, and 5%). The most
significant improvements were observed for blends containing 5% self-healing polymer.
Therefore, 5% of self-healing polymer was selected for further testing and evaluation in the present
study.
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4.4.2

Chemical Tests

In order to study the aging and molecular distributions of the different binder blends, HP-GPC and
FTIR were conducted. High-pressure gel permeation chromatography identifies the fraction of
High-Molecular Weight (HMW), Low-Molecular-Weight (LMW), and polymer present in a
binder sample based on their molecular weight (MW) distributions. The maltenes have an average
MW less than 3,000 Daltons while the MW for asphaltenes is between 3,000 and 50,000 Daltons.
The MW of polymers is significantly greater than the MW of asphalt binder components making
it possible to be identified (Daly et al 2018). Using this approach, the aging and brittleness levels
in the blends can be evaluated through the change in the ratio of HMW to LMW components.
Fourier transform infrared spectroscopy was used to evaluate the oxidative aging of asphalt
binder through the formation of the carbonyl (C=O) group. Aging causes an increase in the
carbonyl absorbance around the 1695 cm-1 peak. Carbonyl index can be defined as the ratio of the
area around this peak divided by a reference area. The aliphatic group (around 1460 cm-1 and 1376
cm-1 peaks) is usually selected as a reference group since they are considered stable during the
aging process. The increase in the ratio is an indication of higher levels of oxidation and therefore,
a stiffer binder (Hofka et al 2018, Hofka et al 2017).
4.4.3

Rheological Testing

In order to evaluate the effect of self-healing polymers on the binder rheological properties, binder
blends were characterized with and without recycled asphalt materials using laboratory rheological
tests (the Dynamic Shear Rheometer (DSR), Bending Beam Rheometer (BBR), and the Multiple
Stress Creep Recovery (MSCR)), and by comparing the Superpave Performance Grade (PG) of
the modified binder blends to the unmodified binder. Furthermore, prepared samples (DSR and
BBR samples) were exposed to two different duration of UV light (1h and 48h) to examine the
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effect of various UV exposure on the properties of the binder blends containing self-healing
polymers. Using BBR results, Delta Tc was calculated as the difference between the critical
stiffness temperature and the m-value critical temperature. The Useful Temperature Interval (UTI)
of the binder blends was also calculated as the range between the minimum and maximum
temperatures where the binder is expected to have adequate performance. The Linear Amplitude
Sweep (LAS) test was performed based on AASHTO TP101, to measure the fatigue cracking
resistance of the different binder blends, and to provide a quantitative assessment of the blends’
fatigue resistance. The LAS test uses the following fatigue law to characterize the fatigue
performance of asphalt binder:
Number of Cycles to Failure = A × (Applied Load) B

(4.1)

where A and B are Viscoelastic Continuum Damage (VECD) model coefficients that depend on
the material characteristics, and Nf is the number of cycles to failure. The A parameter relates to
the materials ability to preserve its integrity during loading cycles and is directly related to the
storage modulus. The B parameter represents the sensitivity of the asphalt binder to change in
strain level.
4.5
4.5.1

Results and Analysis
High-Pressure Gel Permeation Chromatography Results

Based on the HP-GPC results presented in Figure 4.1, the addition of 5% self-healing polymer was
found to cause an increase in the HMW/LMW ratio of 67CO and 70CO from 0.21 and 0.26 to 0.35
and 0.36, respectively. Furthermore, the addition of recycled materials led to an increase in HMW
components and a decrease in LMW components, resulting in a higher HMW/LMW ratio
compared to the control binders (67CO and 70CO). The HMW/LMW ratio increased further
through the addition of self-healing polymer to the blends. This may due to the absorption of the
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oil fraction in the binder through the self-healing polymer, resulting in a higher proportion of
asphaltenes.
4.5.2

Fourier Transform Infrared Spectroscopy Results

Carbonyl group of different binder blends was obtained and were compared to examine the effect
of recycled asphalt materials and self-healing polymer addition on the aging process in asphalt
binder. The carbonyl index was calculated based on Equations (2):

𝐼𝐶𝑂 =

∑ Area of the carbonyl centered around 1700 cm−1
∑ Area of the spectral bands between 1350 and 1525 cm−1

(4.2)

The results from the measured carbonyl index are presented in Figure 4.2. When 5% of self-healing
polymer was added to the virgin binder, carbonyl index did not change significantly for 67-5P,
while a decrease was observed for 70-5P carbonyl index. As expected, the addition of recycled
materials and the incorporation of aged binder resulted in an increase in the carbonyl index. The
addition of self-healing polymer resulted in a further increase in the carbonyl index, which can be
due to the carbonyl group present in the self-healing polymer and the absorption of the oil fraction
in the binder, resulting in a greater proportion of asphaltenes.
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Binder Blends

70-5RAS-20RAP-5P

70-5RAS-20RAP

70-20RAS-5P

70-20RAP

70-5RAS-5P

70-5RAS

70-5P

70CO

67-5RAS-20RAP-5P

67-5RAS-20RAP

67-20RAP-5P

67-20RAP

67-5RAS-5P
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67CO

HMW/ LMW

0.5
0.4
0.3
0.2
0.1
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0.02
0.00

67CO

ICO

Figure 4.1. HP-GPC results for HMW/LMW ratio

Binder Blends
Figure 4.2. FTIR test results

4.5.3

Superpave Performance Grade Results

Results of PG-grading, continuous grading and UTI (Useful Temperature Interval) of the tested
binder blends are presented in Table 4.3 and Table 4.4. The stiffness of the binder blends and their
high-temperature grading increased due to the addition of recycled materials. For example, the
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high-temperature grading of 67CO increased from 67°C to 76°C due to the addition of 20% RAP,
and 5% RAS+20% RAP. Based on the continuous grading, the addition of a self-healing polymer
to the virgin binder resulted in an increase in the high temperature; however, it was not significant
enough to change its grading. The highest temperature was observed for the blend containing 20%
RAP and 5% self-healing polymer, exposed to UV light for 48h (67-20RAP-5P-48h), with a
temperature of 81.9°C. The same behavior was observed in the PG 70-22M binder blends. Selfhealing polymer application caused an increase in the high-temperature grade of the virgin binder.
The addition of 5% RAS (70-5RAS), 20% RAP (70-20RAP), and 5% RAS+20% RAP (70-5RAS20RAP) to the virgin binder resulted in the high-temperature grade of 76°C, 82°C, and 82°C,
respectively.
At low temperature, the addition of self-healing polymer caused an improvement in the
low-temperature behavior of the blends; however, it was not significant to change the lowtemperature grade. The addition of recycled materials caused an increase in stiffness and a decrease
in relaxation due to the incorporation of the aged and brittle binder. Based on these results, the
addition of 20% RAP, and 5% RAS+20% RAP caused a decrease in low temperature of the binder
blends from -23.6°C for 67CO to -18.3°C (67-20RAP) and -18°C (67-5RAS-20RAP). For binder
blends with 20% RAP, and 5% RAS+20% RAP, the low-temperature grade decreased to -16°C. It
should be mentioned that the effect of the self-healing polymer on the binder blends containing
recycled materials was not sufficient to change the low-temperature grade of the binder blends.
Useful Temperature Interval (UTI). UTI was calculated as the range of temperature that
the binder is expected to have satisfactory performance. Based on the results presented in Table
4.3, the addition of 5% self-healing polymer, 5% RAS, 20% RAP, and 5% RAS+20% RAP to the
PG 67-22 binder blends led to increase the UTI of the virgin binder from 91.6°C to 92.1°C, 93.5°C,
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100.1°C, and 99.8°C, respectively. For blends containing the self-healing polymer, a further
increase in the UTI value was observed with exposure to UV light, however, these changes were
insignificant and within the expected variability range of the test. The same behavior was observed
in blends prepared with PG 70-22M. In summary, self-healing polymer application followed by
UV light exposure increased UTI and therefore, the temperature susceptibility of the virgin binder
was improved.
Table 4.3. PG-Grading Results for 67-22 Binder Blends
Binder Blend

PG-Grading

Continuous- Grading UTI (°C)

67CO

67-22

68.0-23.6

91.6

67-5P

67-22

68.6-23.5

92.1

67-5P-1h

67-22

69.0-24.4

93.4

67-5P-48h

67-22

69.4-24.8

94.2

67-5RAS

67-22

71.2-22.3

93.5

67-5RAS-5P

67-22

70.8-24.9

95.7

67-20RAP

76-16

81.8-18.3

100.1

67-20RAP -5P

76-16

80.8-18.9

99.7

67-20RAP -5P-1h

76-16

81.1-20.1

101.2

67-20RAP -5P-48h

76-16

81.9-19.5

101.4

67-5RAS-20RAP

76-16

81.8-18.0

99.8

67-5RAS-20RAP -5P

76-16

81.2-18.9

100.1

67-5RAS-20RAP -5P-1h

76-16

81.3-19.3

100.6

67-5RAS-20RAP -5P-48h

76-16

81.5-19.2

100.7
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Table 4.4. PG-Grading Results for 70-22M Binder Blends
PG-Grading

Continuous- Grading

UTI (°C)

70CO

70-22

73.8-26.7

100.5

70-5P

70-22

74.3-25.8

100.1

70-5P-1h

70-22

74.2-25.7

99.9

70-5P-48h

70-22

74.9-25.6

100.5

70-5RAS

76-22

78.2-25.3

103.5

70-5RAS-5P

76-22

77.1-25.0

102.1

70-5RAS-5P-1h

76-22

78.1-24.6

102.7

70-5RAS-5P-48h

76-22

78.5-24.4

102.9

70-20RAP

82-16

84.1-18.4

102.8

70-20RAP -5P

82-16

84.2-19.8

104.0

70-20RAP -5P-1h

82-16

84.7-20.7

105.4

70-20RAP -5P-48h

82-16

85.4-19.1

104.5

70-5RAS-20RAP

88-16

88.8-18.2

107.0

70-5RAS-20RAP -5P

82-16

85.8-18.0

103.8

70-5RAS-20RAP -5P-1h

82-16

85.8-19.4

105.2

70-5RAS-20RAP -5P-48h

86-16

86.2-19.0

105.2

Binder Blend

Delta Tc (ΔTc). Delta Tc results for binder blends prepared with PG 67-22 and PG 7022M binders are presented in Figure 4.3. For binder blends prepared with virgin binders PG 67-22
and PG 70-22M, delta Tc values of -2.7 and -0.7 were obtained, respectively. Both binders were
m-controlled; however, as expected, virgin binder PG 70-22M showed a greater binder
performance at low temperature. The addition of recycled materials (5% RAS, 20% RAP, and
5%RAS+20% RAP) to the virgin binder, led to a decrease in Delta Tc of the binder blends. The
increase in Delta Tc is due to the loss of relaxation caused by the incorporation of the aged recycled
binder. The addition of self-healing polymers to the virgin binders resulted in a decrease in the
calculated Delta Tc; this decrease was more significant for unmodified binder (PG 67-22).
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The decrease in Delta Tc caused by the self-healing polymer may be attributed to the
increase in stiffness and the decrease in relaxation of the binder. The increase in self-healing
polymer content resulted in a further decrease in Delta Tc. 1 h of UV exposure improved the lowtemperature cracking performance, while 48 h UV increased the Delta Tc, slightly. The loss of
relaxation through 48h of UV light exposure can be due to aging caused by the UV light. In other
words, aging that occurred through UV light exposure was greater than the enhancement provided
by the polymer. The same behavior was observed when the self-healing polymer was added to the
binder blends containing 5% RAS and 5% RAS+20% RAP. From these results, the self-healing
polymer did not substantially affect the low-temperature grade of the binder blends; therefore, selfhealing polymer did not substantially improve the thermal cracking resistance of the binder based
on PG testing.
4.5.4

Multiple Stress Creep Recovery Results

The MSCR test was conducted at 67°C and the results for the percent recovery and nonrecoverable creep compliance (Jnr) are presented in Figure 4.4 and Figure 4.5. For binder blends
prepared with PG 67-22 virgin binder, a percent recovery of 1.6% was measured, while the
addition of 5% self-healing polymer resulted in 3% percent recovery. This indicates the
improvement in the elastic behavior of unmodified binder through the addition of self-healing
polymer. Furthermore, the addition of 5% RAS, 20% RAP, and 5% RAS+20% RAP, led to a
percent recovery of 4.9%, 19.8%, and 22.2%, respectively. Moreover, the percent recovery of the
binder blends increased with UV light exposure while the non-recoverable creep compliance (Jnr)
decreased. The results obtained from the MSCR test for the PG 67-22 binder blends indicate an
improvement in the rutting susceptibility of the binder blends. On the contrary, for PG 70-22M
binder blends, the percentage recovery and the non-recoverable creep compliance (Jnr) of the
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binder blends respectively decreased and increased with the use of self-healing polymer.
Therefore, the addition of self-healing polymer improved the performance of the unmodified
binder, while it failed to enhance the properties of polymer modified binder blends. The lack of
enhancement in the case of the PG 70-22M binder blends may be due to the interaction of SBS
polymer with polyurethane in the self-healing polymer and the RAS materials.
4.5.5

Linear Amplitude Sweep Test Results

The LAS test was performed in accordance with AASHTO TP 101 at a testing temperature of
18°C and 21°C for PG 67-22 and PG 70-22M binder blends, respectively. The fatigue
characteristics of the binder blends obtained from LAS test are presented in Figure 6. Based on the
equation of the fatigue law, a higher “A” parameter indicates an increase in fatigue life, while a
higher “B” parameter indicates a decrease in fatigue life at a constant A. The results for the number
of cycles to failure (Nf) at two strain levels (2.5% and 5%) are presented in Figure 4.6. For the PG
67-22 binder blends, the addition of 5% polymer increased the fatigue life (Nf) while the addition
of 5% RAS, 20% RAP, and 5% RAS+ 20% RAP resulted in a decrease in fatigue life (Nf).
Furthermore, the addition of self-healing polymer to the binder blends containing recycled
materials caused a further decrease in fatigue life (Nf). Exposure to UV light also led to a decrease
in the fatigue life of the binder. When 5% RAS was added to PG 70-22M binder blends, the fatigue
life was not affected significantly. However, the addition of 5% self-healing polymer and UV
exposure negatively affected fatigue life. It should be mentioned that UV light can negatively
affect the fatigue properties of the blend through the aging of the samples.
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Figure 4.3. Delta Tc results for (a) PG 67-22 binder blends, (b) PG 70-22M binder blends
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Figure 4.4. Percent recovery results for (a) PG 67-22 binder blends, (b) PG 70-22M binder
blends
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Figure 4.5. Non-recoverable creep compliance (Jnr) results for (a) PG 67-22 binder blends, (b)
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6

4.6

Summary and Conclusions

The objective of this chapter was to evaluate the effects of a UV light activated self-healing
polymer (OXE-CHI-PUR) on the chemical and rheological properties of asphalt binder. Different
binder blends were prepared using two different binders (an unmodified binder and a polymer
modified binder), with or without extracted binder from recycled asphalt materials (RAS and/or
RAP), and with or without 5% self-healing polymer. Chemical tests such as HP-GPC and FTIR
evaluated the aging and molecular distributions of the prepared blends, while DSR, BBR, and LAS
were used in rheological testing. Based on the results of the experimental program, the following
conclusions may be drawn:
Molecular Distributions and Aging:


HP-GPC test results showed that the HMW/LMW ratios of the binder blends increased
through the addition of recycled materials. Furthermore, self-healing polymer
incorporation led to a further increase in the ratios, resulting in a higher stiffness. The
expected increase caused by the addition of recycled materials relates to the incorporation
of the oxidized binder, while the increase in HMW/LMW ratio for blends containing selfhealing polymer, may be due to the absorption of the light fractions in the binder by the
polymer.



FTIR test results showed that the addition of recycled materials led to an increase in
carbonyl index resulting in an increase in stiffness. The measured index further increased
with to the addition of 5% polymer due to the absorption of the oily fractions by the selfhealing polymer.

152

Rheological Testing:


Performance grade results showed that 5% RAS caused a one-grade increase in the hightemperature grade of the binder blends, while 20% RAP and 5% RAS+20% RAP had more
significant effects with two grades increase. The addition of self-healing polymer led to an
increase in the continuous high temperature; however, it was not significant enough to
change the high-temperature grade.



The difference between the critical stiffness temperature and the m-value critical
temperature (Delta Tc) showed an improvement at low service temperature for samples
with 5% self-healing polymer when exposed to UV light.



Based on the results of the MSCR test, the elastic behavior of the unmodified binder
improved with the use of self-healing polymer. However, for modified binders, the percent
recovery decreased by increasing the contents of self-healing polymer.



LAS results showed that self-healing polymer improved the fatigue performance of the
unmodified binder. However, when it was added to the binder blend containing recycled
materials, negative effects were observed. Self-healing polymer addition to modified
binder (PG 70-22M) also resulted in a decrease in fatigue life.



In conclusion, the addition of self-healing polymer leads to an increase in stiffness and an
improvement in the rutting performance, while it didn’t have a significant effect on lowtemperature cracking performance. For unmodified binder (PG 67-22), self-healing
polymer incorporation improved the elastic and fatigue cracking properties of the binder.
However, when it was added to a modified binder (PG 70-22) and/or binder blends
containing recycled asphalt materials insignificant effects or even negative effects were
observed.
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5. MECHANICAL AND SELF-HEALING PERFORMANCES OF
ASPHALT MIXTURES CONTAINING RECYCLED ASPHALT
MATERIALS AND LIGHT-ACTIVATED SELF-HEALING POLYMER
5.1

Introduction

The use of recycled asphalt materials in road construction has increased during the last two
decades, due to its environmental and economic advantages. The two main sources of recycled
asphalt materials are Reclaimed Asphalt Pavement (RAP) and Recycled Asphalt Shingles (RAS).
Hot Mix Asphalt (HMA) consists of asphalt binder and aggregate and therefore, is 100%
recyclable. RAS is a waste from the roofing industry, which contains asphalt binder, fine
aggregate, fibers, and fillers. The replacement of virgin materials in HMA with RAP and/or RAS
may lead to a decrease in virgin materials and energy consumption, a decrease in the overall price
of the mixture, and a reduction in greenhouse gas emissions. Although the advantages of RAP and
RAS application are numerous, their usage has been limited to low contents. This limit is mostly
related to agencies’ concerns with mix durability and its long-term performance. The binder in
RAP and RAS has been subjected to severe oxidation, resulting in an aged and brittle binder.
Incorporation of the aged binder in the construction of new pavements may significantly affect its
cracking durability and fatigue resistance.
Asphalt binder has self-healing intrinsic properties, which can be defined as the ability to
recover its original properties. The self-healing ability of asphalt binder can be explained by the
wetting and inter-diffusion of the two faces of a crack. Self-healing occurs when the molecules
from the two sides of micro-crack links through hydrogen bonds. This process is called “reversible

This chapter, previously published as Shirzad, S., Hassan, M. M., Aguirre, M. A., L.N. Mohammad,
Cooper, S., and Negulescu, I. I. (2019). “Mechanical and Self-Healing Performances of Asphalt
Mixtures Containing Recycled Asphalt Materials and Light-Activated Self-Healing Polymer.”
Journal of Materials in Civil Engineering, Vol. 31, Issue 11, is reprinted here by permission of
American Society of Civil Engineers journal.
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hydrogen bonds” (Fischer 2010). However, the self-healing abilities of the asphalt binder are
highly dependent on the rest period and temperature.

Using self-healing and polymer

modification, a UV light activated self-healing polymer was evaluated in this study to improve the
mechanical performance of HMA containing recycled asphalt materials while increasing its selfhealing abilities.
5.2

Objectives and Scope

This chapter had two main objectives: (1) to evaluate the effects of light-activated self-healing
polymers on the self-healing capabilities of asphalt mixtures, and (2) to evaluate the effects of
light-activated self-healing polymers on the high, intermediate, and low-temperature performances
of asphalt mixtures.
Asphalt mixtures were prepared using two binders (PG 67-22 and PG 70-22), three
contents of recycled materials (5%RAS, 20%RAP, and 5%RAS+ 20%RAP), and with and without
self-healing polymers. Self-healing properties of the asphalt mixtures were tested by inducing
cracks at the bottom of rectangular beams and monitoring the strength recovery of the mixture
under two different healing conditions (room temperature, and high temperature/UV exposure).
Mechanical properties of the prepared mixtures were tested using laboratory tests (SCB test, LWT
test, and TSRST). Finally, the binder extracted from aged asphalt mixtures was characterized using
laboratory rheological tests including Dynamic Shear Rheometer (DSR), Bending Beam
Rheometer (BBR), and the Multiple Stress Creep Recovery (MSCR) test.
5.3

Background

During the last decades, the utilization of sustainable materials such as RAP and RAS has received
considerable interest (Newcomb et al. 2016). Yet, the application of recycled asphalt materials is
typically limited to 5% for RAS and up to 30% for RAP (Hansen and Copeland 2014). The use of
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aged binder from RAP and RAS may increase the cracking susceptibility of asphalt mixtures, thus
increasing agencies’ concerns over the premature failure of asphalt pavements.
On the other hand, asphalt binder has self-healing abilities, which can be defined as the
ability to restore the original state of the material. A material with self-healing capabilities
identifies damage and initiates a response to the damage spontaneously (Tabakovic and Schlangen
2015). Asphalt pavement is a self-healing material; therefore, it has the ability to initiate a response
to micro-crack appearance, seal the micro-cracks, and recover its original strength. However, the
self-healing properties of asphalt mixtures are highly dependent on the rest period and temperature.
The improved healing of an asphalt mixture at a high temperature can be explained by the
thixotropic effect, which allows asphalt to transform from a solid-state to gel state at high
temperature (Perez-Jimenez et al. 2012). In addition, previous studies showed that during the warm
seasons, micro-cracks disappear; however, they re-appear in the cold season. Since high
temperature dissipates through pavement depth, only surface cracks are healed and cracks at a
lower depth (20 to 30 mm below the surface) remain open (Tabakovic and Schlangen 2015). In
summary, the self-healing ability of the asphalt mixture can be relatively low due to continuous
traffic loading and low-temperature.

During the last decade, various approaches such as

nanoparticles (Hasaninia and Haddadi 2017), induction heating (Garcia et al. 2011; Liu et al.
2012), and encapsulated rejuvenators (Aguirre et al. 2016; Shirzad et al. 2017), were suggested
with the aim to improve the self-healing ability of asphalt mixtures.
Self-healing mechanisms are categorized into two groups of extrinsic and intrinsic selfhealing mechanisms based on their response to the appearance of a crack. In the extrinsic approach,
the healing agent is embedded in a matrix and released with the initiation of micro-cracks. For the
intrinsic mechanism, healing occurs with the chemical bonding of the healing agent and the matrix.
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The main disadvantage of extrinsic mechanisms such as microcapsules and fibers is their onetime
healing effect. While the extrinsic mechanism, have an inherent repeatable self-healing ability.
Self-healing polymers are intrinsic self-healing materials, which has been introduced for coating
applications. In these materials, self-healing occurs at a molecular level through molecular
randomization, inter-diffusion, or recombination of chain ends. This method of self-healing does
not require catalyst or monomer application; however, it is usually activated with external stimuli
such as heat or UV light (Hia et al. 2016).
In a self-healing polymer, damage of a chemical network leads to cleavage or slippage of
the chemical bonds of the material and formation of the reactive groups. Based on the reactivity
of the groups, the unstable entities may react with the surroundings to produce a stable product
with a new formation and repair the damaged area (Yang and Urban 2013). Ghosh et al. (2011)
developed a self-healing polyurethane cross-linked network, which is activated with UV light.
They used a four-membered ring structure material (oxetane) to produce free radicals with lower
ring-opening activation energy. Furthermore, chitosan was used for UV light sensitivity. When
damage occurs, different chemical bonds are broken. Remodeling of the network activated with
the UV light exposure leads to the reaction of dormant oxonium ions with reactive macromolecular
ends. These reactions together with chair-to-boat conformation of chitosan glycosine units, result
in self-healing of the material through –C-O-C bond formation. In order to validate the self-healing
ability of the produced material, a scratch was induced at the surface and healing was monitored
while exposing the sample to UV light with a wavelength of 302nm. Self-healing ability of the
material increased with the increase in the intensity of the UV light (Ghosh et al. 2011).
The present study combined the concepts of polymer modification and self-healing abilities
to evaluate the effect of a new generation of UV light-induced self-healing polymers in enhancing
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the elastic recovery of the binder and increasing the self-healing capabilities of asphalt mixtures.
The propagation of micro-cracks due to aging and loading causes the chemical breakage of
polymer bonds and consequently produce free radicals. The free radicals would subsequently
recombine through UV light exposure and close the micro-cracks (Ghosh et al. 2011; Shirzad et
al. 2018).
5.4
5.4.1

Experimental Program
Test Materials

Samples were prepared using two types of asphalt binders, an unmodified binder (PG 67-22) and
a polymer-modified binder (PG 70-22), with or without recycled asphalt materials (5% RAS, 20%
RAP, and 5% RAS+20% RAP), and with or without self-healing polymers. PG 67-22 and PG 7022 are the most commonly used binders in the state of Louisiana and therefore, were used in this
study. The self-healing polymer used in this research is an Oxetane-substituted Chitosan
Polyurethane (OXE-CHI-PUR), which was introduced by Ghosh et at (2011). The self-healing
polymer consists of three main components. These components were selected based on their ability
to serve a specific function. The first component is polyurethane (PUR), which provides
mechanical integrity and localized network heterogeneity. The second component, oxetane (OXE),
provides cleavage of the constrained four-member rings. Finally, chitosan (CHI) provides the UV
sensitivity required for self-repair activation. Self-healing polymer preparation consists of two
steps; during the first step, oxetane macromonomers are produced, then, in the second step, OXECHI-PUR networks are prepared by reacting tri-functional Homopolymer of Hexamethylene
Diisocyanate (HDI-Desmodur N 3900) with dispersed OXE-CHI and polyethylene glycol under
nitrogen (Ghosh et al. 2011). More information related to the self-healing polymer test materials,
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chemical structure, production processes, and characterization were presented in a previous study
(Shirzad et al. 2018).
In a previous study, the authors conducted Superpave Performance Grading (PG) and
Multiple Stress Creep Recovery (MSCR) on binder blends prepared with PG 67-22, with or
without 5% RAS, and using three different percentages of self-healing polymer (1%, 3%, and 5%).
Samples were exposed to UV light with three different durations of 1h, 24h, and 48h. The most
significant improvements were observed for blends incorporating 5% self-healing polymer and
exposed to UV light for 48h. Therefore, 5% self-healing polymer and 48h of UV exposure were
selected for further evaluation in the present study. A UV lamp with a 302 nm wavelength was
placed at a 10-cm distance from the samples to provide a UV radiation intensity of 1 mW/cm2.
The UV light set up was designed to produce the typical intensity of sunlight, which is between 1
and 2 mW/cm2 at a wavelength below 350 to 400 nm.
The RAS used in the experimental program was a Post-Consumer Waste Shingle (PCWS)
with a 20% binder content, while the RAP used had a 5% binder content. A High-Pressure Gel
Permeation Chromatography (HP-GPC) was conducted on the extracted binder from RAS and
RAP. Results showed that both RAS and RAP extracted binder contained a small amount of
polymer.
The aggregate blend consisted of 5/8” gravel, 1/2" gravel, coarse sand, and fine sand to
satisfy the mix design of a 12.5-mm Nominal Maximum Aggregate Size (NAMS) asphalt mixture.
The Superpave asphalt mixtures were prepared in accordance with AASHTO R35-09, AASHTO
M 323-07 and Section 502 of the 2006 Louisiana Standard Specifications for Roads and Bridges.
A Level 2 design (Ninitial = 8, Ndesign = 100, Nfinal = 160 gyrations) was used. The optimum asphalt
content for each Superpave mixture was determined according to volumetric design criteria (air
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voids = 3 to 5%, voids in mineral aggregates ≥ 13%, voids filled with asphalt = 68%-78%) and
densification requirements (%Gmm at Ninitial ≤ 89%, and %Gmm at Nfinal ≤ 98%). Fourteen asphalt
mixtures were prepared and tested to evaluate the effects of self-healing polymer on the selfhealing and mechanical properties of the mixture. Asphalt mixtures’ compositions used in this
study are presented in Table 5.1. Furthermore, Table 5.2 provides a summary of the virgin binder
contents and the calculated recycled binder ratio (RBR) for the different asphalt mixtures.
Table 5.1. Asphalt Mixtures Compositions
Binder Blend

Binder Type

Content of Recycled
Asphalt Material

Content of SelfHealing Polymer

67CO

PG 67-22

0

0

67-5RAS

PG 67-22

5% RAS

0

67-5RAS-5P

PG 67-22

5% RAS

5%

67-20RAP

PG 67-22

20% RAP

0

67-20RAP-5P

PG 67-22

20% RAP

5%

67-5RAS-20RAP

PG 67-22

5% RAS + 20% RAP

0

67-5RAS-20RAP-5P

PG 67-22

5% RAS + 20% RAP

5%

70CO

PG 70-22

0

0

70-5RAS

PG 70-22

5% RAS

0

70-5RAS-5P

PG 70-22

5% RAS

5%

70-20RAP

PG 70-22

20% RAP

0

70-20RAP-5P

PG 70-22

20% RAP

5%

70-5RAS-20RAP

PG 70-22

5% RAS + 20% RAP

0

70-5RAS-20RAP-5P

PG 70-22

5% RAS + 20% RAP

5%
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Table 5.2. Recycled Asphalt Materials Binder Availability
Actual

RAP

Ratio (%)

0

0

0

0

0

87

1

0

0.8

80

13

5.9

94

1

0

0.4

40

6

6.3

5.2

83

0

1

1.0

100

16

67-20RAP-5P

6.3

5.6

89

0

1

0.7

70

11

67-5RAS-20RAP

6.3

4.4

70

1

1

1.9

95

15

67-5RAS-20RAP-5P

6.3

4.8

76

1

1

1.5

75

12

Virgin
Binder
(%)

Binder
(%)

RAS

67CO

6.3

6.3

100

67-5RAS

6.3

5.5

67-5RAS-5P

6.3

67-20RAP

Mixture Type1

1

Available
Binder

Actual
Binder
from
RAS/RAP

V/D

Design
Binder
(%)

Available

RBR
(%)

Presented values are also valid for mixtures prepared with PG 70-22 binder

5.4.2

Effect of Self-Healing Polymer on Self-Healing Capabilities of Asphalt Mixture

Crack healing of the asphalt mixtures prepared with and without recycled asphalt materials and
self-healing polymer was evaluated using the Strain Energy Ratio (SER). To prepare the samples,
asphalt mixture slabs were compacted, and rectangular beams with dimensions of 40 mm × 40 mm
× 160 mm were cut from slab specimens (Figure 5.1a). Using a three-point bending setup, a
monotonic load was applied at the midpoint of the beam in a strain-controlled mode (0.25 mm/min)
until cracks were induced at the bottom of the prepared beams. Loading was applied for 100
seconds after reaching the peak load and was then stopped (Figure 5.1b). Prepared samples were
subjected to two different curing conditions for one week; One set (3 samples) was subjected to
room temperature (25 ±1°C) curing condition, while the second set (3 samples) was subjected to
high temperature (50 ±1°C) for samples without self-healing polymer and UV light exposure for
samples containing self-healing polymer.
As shown in Figure 5.2, Strain Energy was defined as the area under the load-deflection
curve until failure (peak load). This value was measured for the undamaged samples (day 0), and
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the healed samples (after 7 days of healing). The Strain Energy Ratio (SER) was calculated as
follows:

SER=

Healed strain energy to failure

(5.1)

Initial strain energy to failure

(a)

(b)
Figure 5.1. Crack healing evaluation: (a) sample preparation and (b) test setup
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Figure 5.2. Strain energy of samples
5.4.3

Effects of Light-Activated Self-Healing Polymer on Mechanical Properties of Asphalt
Mixture

Laboratory performance of asphalt mixtures was tested using the SCB test, LWT test, and TSRST,
see Table 5.3. SCB was conducted according to ASTM D 8044 (ASTM 2016) to examine the
effect of self-healing polymer on the cracking resistance of the mixtures at intermediate
temperature. Based on Louisiana’s specifications (Louisiana Standard Specification for Roads and
Bridges 2016), a minimum critical strain-energy release rate (Jc) value of 0.5 kJ/m2 is
recommended for adequate cracking performance. In order to gain a better understanding of the
polymer’s effect on the cracking performance of the mixture, SCB was conducted with and without
48h of UV light exposure.
The resistance to permanent deformation of the mixtures was evaluated using the LWT
according to AASHTO T 324. TSRST (AASHTO TP 10-93) was used to evaluate the mix
resistance to fracture at low temperature. A tensile load of 50 ± 5 N was applied to the sample
while cooling the sampling at a rate of 10 ± 1°C per hour. Cooling was continued until fracture
failure occurred. The SCB and TSRST samples were aged before testing. Long-term aging of the
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samples was conducted based on AASHTO R30 and by conditioning the samples at 85°C for 5
days.
Table 5.3. Asphalt Mixture Performance Tests

Tests

Test Standard

Performance Characteristics

Specimen
Dimension

SCB

ASTM D 8044

Fatigue and fracture cracking resistance
at intermediate temperature (25°C)

ϕ150 × 57 mm

LWT

AASHTO T 324

Rutting susceptibility at high
temperature (50°C)

ϕ150 × 60 mm

TSRST

AASHTO TP 10

Thermal cracking at low temperature

50 × 50 x 250
mm

5.4.4

Statistical Analysis

A statistical analysis was conducted to determine whether the differences in the performance of
asphalt mixtures were significant. Analysis of variance (ANOVA) at a 95% confidence level was
conducted for each self-healing and mixture test to identify statistically significant differences in
the test results. A Tukey’s HSD test was also performed on all possible combinations to identify
the mixes that were statistically different based on the results from ANOVA. The analysis obtained
from JMP software provided a grouping of the results using letters (A, B, C, D, and so forth). The
letter A presented the highest mean, followed by the subsequent letters. Single letters such as A
and B, demonstrate significant differences, while a double letter designation such as AB or BC,
indicates that the difference between values can be assigned to either of those groups.
5.4.5

Effects of Light-Activated Self-Healing Polymer on the Rheological Properties of
Extracted Asphalt Binder

In order to evaluate the effect of self-healing polymer and recycled asphalt materials on the
rheological properties of asphalt binder, samples were extracted from mixtures subjected to long167

term aging. Asphalt binder was extracted based on AASHTO T 164 and using trichloroethylene
as a solvent. Afterward, the solvent (trichloroethylene) was removed based on the procedure
described in AASHTO R 59. Extracted binder was tested using rheological tests (DSR, BBR, and
MSCR), and by comparing the Superpave Performance Grade (PG) of the extracted binders
according to AASHTO R 29, “Grading or Verifying the Performance Grade of an Asphalt Binder”
and AASHTO M 320, “Standard Specification for Performance-Graded Asphalt Binder” (Table
5.4).
Table 5.4. Asphalt Binder Performance Tests
Tests

Test Standard

Performance Characteristics

DSR

AASHTO T 315

Viscous and elastic behaviors of asphalt binders at
intermediate and high temperatures

BBR

AASHTO T 313-06

Low-temperature performance of asphalt binders

AASHTO TP 70

Rutting susceptibility of asphalt binders at high
temperature

MSCR

5.5
5.5.1

Results and Analysis
Effect of Self-Healing Polymer on Self-Healing Capabilities of Asphalt Mixture

Figure 5.3 presents an example of crack healing between day 0 and day 6 using light microscopy.
The strain energy to failure of the beams was measured at two different stages: undamaged and
healed (after 6 days of healing).
Asphalt Mixtures Prepared with PG 67-22: Results from SER measurements of the PG 67-22
mixtures are presented in Figure 5.4a. For samples cured at room temperature, the addition of 5%
self-healing polymer improved the recovery ratio of the control mixture from 38% to 72%.
Furthermore, when 5% RAS and 20% RAP were used in the mix, SER decreased from 38% to
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22% and 15%, respectively. This is due to the effect of the aged and brittle binder in RAS and
RAP. The addition of self-healing polymer to mixtures containing recycled asphalt materials was
able to partially recover the SER of the mixtures. Based on the results of the statistical analysis, a
mixture containing 5% self-healing polymer (67-5P) showed the best recovery with a SER of 72%,
while a mixture containing 20% RAP (67-20RAP) had the worst recovery ratio.
Similar to room temperature conditioning results, the highest SER was obtained for the
mixture containing 5% self-healing polymer with a SER of 84%, while the control mixture (67CO)
has a SER of 52%. In this case, the addition of 5% RAS caused an increase in the measured SER
of the sample; however, differences between the mixture with 5% RAS and the control mixture
were not statistically significant. In contrast, the addition of 20% RAP resulted in a SER value of
only 16%. However, the SER was partially restored through the application of self-healing
polymer and UV exposure. Finally, a statistical analysis conducted for curing condition
comparison (Figure 5.5) showed that the improvement caused by the change of curing condition
from room temperature to high temperature/UV exposure was not significant in any of the cases.
Asphalt Mixtures Prepared with PG 70-22: Results from SER measurements of the PG 70-22
mixtures are presented in Figure 6 for mixtures prepared with a polymer-modified binder (PG 7022). In contrast to PG 67-22 asphalt mixtures, the addition of 5% self-healing polymer resulted in
a decrease in the measured SER from 35% to 27% at room temperature, and from 63% to 28% at
high temperature/UV exposure. The negative effect of self-healing polymer in case of the PG 7022 asphalt mixtures may be due to the interaction between polyurethane and SBS polymers.
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Day0

Day6

Figure 5.3. Healing of the crack induced at the bottom of beams from Day 0 to Day 6
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Figure 5.4. SER results for curing condition at (a) room temperature, (b) high temperature/UV
exposure
The addition of 5% RAS and 20% RAP also resulted in a decrease in recovery of the samples. The
addition of 5% self-healing polymer in the mixture containing 5% RAS increased the measured
SER from 9% to 34% at room temperature, and from 37% to 44% at high temperature/UV
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exposure. The same trend was observed for the mixture containing 20% RAP. Furthermore, the
addition of self-healing polymer to a mixture containing both 5% RAS and 20% RAP did not have
a significant effect on the recovery of the samples. Overall, the self-healing polymer application
was able to improve the recovery of the mixtures containing 5% RAS or 20% RAP; however, it
negatively affected the recovery of the control mix. Based on the statistical analysis performed
(Figure 5.7), the high-temperature curing caused a significant increase in healing recovery, while
UV exposure did not have a significant effect on SER.
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Figure 5.5. Effect of curing condition on SER results
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Figure 5.6. SER results for curing condition at (a) room temperature, (b) high temperature/UV
exposure
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Figure 5.7. Effect of curing condition on SER results
5.5.2

Effect of Self-Healing Polymer on the Mechanical Properties of Asphalt Mixture
Semi-Circular Bending (SCB) Test Results. The measured critical strain energy release

rate (Jc) obtained for the mixtures evaluated in this study is presented in Figure 8.
Asphalt Mixtures Prepared with PG 67-22: For mixtures prepared with the PG 67-22 unmodified
binder, the Jc value increased from 0.35 kJ/m2 for the control mixture to 0.38, 0.39, and 0.48 kJ/m2
due to addition of 5% RAS, 20% RAP, and 5% RAS+20% RAP, respectively. The increase in Jc
value with the addition of recycled materials may be due to the polymers present in the RAS and
RAP. However, all these values were less than Louisiana’s specification (Louisiana Standard
Specification for Roads and Bridges 2016) for Jc value of 0.5 kJ/m2. Using 5% self-healing
polymer in mixtures containing recycled asphalt materials led to an increase in the Jc value. Yet,
based on the statistical analysis, this increase was only significant for mixtures containing 20%
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RAP. Furthermore, UV light exposure for 48 hours increased the measured Jc value to values
greater than 0.5 kJ/m2. If the samples containing recycled asphalt materials, 5% self-healing
polymer, and UV exposure were compared to the control mixture (67CO), a significant
improvement in cracking performance was observed.
Asphalt Mixtures Prepared with PG 70-22: When recycled asphalt materials were added to the
mixtures prepared with polymer modified binder (PG 70-22), the Jc value of the control mix
(70CO) decreased from 0.64 kJ/m2 to 0.45, 0.62, 0.42 kJ/m2 for the cases of 5% RAS (70-5RAS),
20%RAP (70-20RAP), and 5%RAS+20% RAP (70-5RAS-20RAP). For mixtures containing 5%
RAS and 5%RAS+20% RAP, cracking performance improved through the use of 5% self-healing
polymer and exposure to UV light for 48 h, resulting in Jc values of 0.72 and 0.61 kJ/m2. However,
for a mixture containing 20% RAP, the addition of 5% self-healing polymer resulted in a decrease
of the Jc value (0.58 kJ/m2).
Loaded Wheel Tracking (LWT) Test Results. The measured rut depths for the different
asphalt mixtures are presented in Figure 9. For the PG 67-22 mixtures, the control mix had the
largest rut depth of 8.2 mm due to its low stiffness. However, when aged and stiffened binder of
5% RAS, 20%RAP, and 5%RAS+20%RAP was added to the mix, the rut depth decreased to 3.2,
2.3, and 2.4 mm, respectively. The use of 5% self-healing polymer increased the rut depth for 675RAS-5P and 67-20RAP-5P; however, the rut depth was below the Louisiana failure criterion of
6mm. For mixture with both RAP and RAS, self-healing polymer caused a decrease in rut depth;
however, based on the statistical analysis, it was not significant.
For the PG 70-22 mixtures, PG 70-22 binder is a polymer-modified binder, which is known
to enhance the mix rutting performance at high temperature. Therefore, the control mixture
prepared with PG 70-22 binder (70CO) had a lower rut depth compared to the mixture prepared
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with PG 67-22 (67CO). The addition of 5%RAS, 20%RAP, and 5%RAS+20%RAP led to an
additional decrease in the measured rut depth as compared to the conventional mix with a
respective rut depth of 2.5, 1.9, and 1.4 mm. The addition of 5% self-healing polymer in a mixture
containing 5% RAS led to a rut depth of 2.1 mm while for a mixture containing 20%RAP (6720RAP-5P), and 5%RAS+20% RAP (67-5RAS-20RAP-5P), the rut depth increased to 2.4 and 1.8
mm. However, based on the statistical analysis, differences were not statistically significant.
Performance Space Diagram. Figure 5.10 shows the performance space diagram of the
rutting and cracking performance for the evaluated asphalt mixtures. Based on Figure 5.10 (a) and
according to Louisiana’s threshold for SCB and LWT tests (0.5 kJ/m2 and 6 mm), incorporation
of 5% self-healing polymer in mixtures containing recycled materials did not have a significant
enough effect on the performance of the mixtures. Consequently, none of the mixtures showed a
simultaneously acceptable performance against rutting and cracking. For PG 70-22 mixtures, all
samples demonstrated acceptable rutting performance while two samples 5% RAS (70-5RAS) and
5% RAS + 20% RAP (70-5RAS-20RAP) failed the cracking criteria. In addition, incorporation of
5% self-healing polymer in these mixtures resulted in improved cracking performance.
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Figure 5.8. SCB results for (a) mixtures containing 5% RAS, (b) mixtures containing 20% RAP,
(c) mixtures containing 5% RAS+20% RAP
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Figure 5.9. LWT test results for (a) mixtures containing 5% RAS, (b) mixtures containing 20%
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Figure 5.10. Performance space diagram: (a) mixtures with PG 67-22 and (b) mixtures with PG
70-22
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Thermal-Stress Restrained Specimen Test (TSRST) Results. TSRST test results for
mixtures prepared using PG 67-22 and PG 70-22 binders, with or without recycled materials, and
5% self-healing polymer are presented in Figure 5.11 and Figure 5.12.
Asphalt Mixtures Prepared with PG 67-22: For mixtures prepared with PG 67-22, the addition 5%
RAS and 5% RAS+ 20% RAP did not have a significant effect on the fracture load while the
incorporation of 20%RAP led to an increase in the fracture load. Furthermore, the addition of 5%
RAS and 20% RAP caused a slight decrease in the fracture temperature from -16.8°C to -17.2°C
and -17.5°C, respectively. However, changes were statistically insignificant. This improvement in
low-temperature performance can be the result of the polymer in the RAS and RAP binders. The
addition of 5% self-healing polymer further increased the fracture load and temperature, however,
this increase was statistically insignificant. Overall, the use of RAP and RAS at the selected content
in this study did not appear to affect the fracture resistance of the mix at low temperature.
Asphalt Mixtures Prepared with PG 70-22: Similar to PG 67-22 mixtures, when 5% RAS and 20%
RAP were added to the mixtures prepared with PG 70-22, an increase in fracture load was
observed, while for a mixture containing 5% RAS+20% RAP, the fracture load decreased. Selfhealing polymer caused an additional increase in the measured fracture load and fracture
temperature for 70-5RAS-5P and 70-20RAP-5P. In contrast, for 70-5RAS-20RAP-5P, self-healing
polymer did not have a significant effect on the low-temperature performance.
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Figure5.11. Fracture load results for (a) mixtures containing 5% RAS, (b) mixtures containing
20% RAP, (c) mixtures containing 5% RAS+20% RAP
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Figure5.12. Fracture temperature results for (a) mixtures containing 5% RAS, (b) mixtures
containing 20% RAP, (c) mixtures containing 5% RAS+20% RAP
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5.5.3

Effects of Light-Activated Self-Healing Polymer on the Rheological Properties of
Asphalt Binder

Asphalt binders were extracted from long-term aged asphalt mixtures and were tested using DSR,
BBR, and MSCR. Table 5.5 presents the results for binders extracted from mixtures prepared with
PG 67-22. A PG-grading of 88-16 was obtained for the control mixture and the mixture containing
5% RAS, and mixture with 20% RAP (67CO, 67-5RAS, and 67-20RAP). Furthermore, the
addition of 5% self-healing polymer to the control mixture and the mixture containing 5% RAS
reduced the high-temperature grading of the binders from 88 to 76 for 67-5P and 82 for 67-5RAS5P. However, 5% of self-healing polymer did not have a significant effect on the PG grading of a
mixture containing 20% RAP. Moreover, 5% of self-healing polymer only caused an improvement
in the low-temperature grading of the control mixture. Finally, MSCR results showed a reduction
in percent recovery (%R) and an increase in the non-recoverable creep compliance (Jnr) due to the
incorporation of 5% self-healing polymer. However, it was noted that the addition of recycled
materials (5% RAS and 20% RAP) led to an improvement in recovery of the asphalt binders.
PG-grading results for asphalt binders extracted from PG 70-22 mixtures (Table 5.6),
showed that the addition of 5% self-healing polymer to the control mixture did not have a
noticeable effect on the behavior of the asphalt binder, with both binder blends resulting in the
same PG-grading of PG 82-22. When 5% RAS and 20% RAP was added to the control mixture
(70-5RAS and 70-20RAP), PG grading changed to PG 94-16 and PG 88-16, respectively.
Furthermore, the addition of 5% self-healing polymer to mixtures containing recycled materials
(70-5RAS-5P and 70-20RAP-5P) did not cause any noticeable change in the measured PG grading.
Additionally, MSCR results showed an increase in the percentage recovery and a decrease in the
measured Jnr due to the addition of recycled materials (5% RAS and 20% RAP). However,
incorporation of 5% self-healing polymer led to a decrease in the percentage recovery in all cases.
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Table 5.5. Rheological Tests Results for Extracted Binders from PG 67-22 Mixtures
DSR and BBR Results
Test

Spec.

Temp

67CO

67-5P

67-5RAS

67-5RAS-5P

67-20RAP

67-20RAP-5P

G*/sinδ

>2.2 kPa

82 ºC

5.42 kPa

1.38 kPa

5.98 kPa

4.24 kPa

5.69 kPa

4.83 kPa

G*sinδ

<5000kPa

25 ºC

7550 kPa

4330 kPa

6480 kPa

5410 kPa

7630 kPa

6690 kPa

S

<300 MPa

-6

141 MPa

100 Mpa

125 Mpa

113 Mpa

135 Mpa

155 Mpa

S

<300 MPa

-12

262 Mpa

208 Mpa

246 Mpa

234 Mpa

260 Mpa

303 Mpa

m-value

>0.3

-6

0.317

0.38

0.327

0.33

0.318

0.309

m-value

>0.3

-12

0.265

0.311

0.274

0.284

0.265

0.261

88-16

76-22

88-16

82-16

88-16

88-16

89.3-18.0

78.3-23

90.3-19.1

87.4-19.9

89.7-18.0

88.4-17.1

PG Grading
Continuous PG- Grading

MSCR Results
Stress
%R

Jnr

Diff. Jnr

67CO

67-5P

67-5RAS

67-5RAS-5P

67-20RAP

67-20RAP-5P

0.1 kPa

35.48%

11.78%

39.58%

34.11%

35.98%

33.35%

3.2 kPa

30.93%

6.10%

34.72%

28.62%

31.67%

28.48%

0.122

0.7944

0.1058

0.1682

0.1146

0.1418

3.2 kPa

0.1326

0.8785

0.1157

0.1825

0.1241

0.1547

-

8.71%

10.57%

9.39%

8.53%

8.25%

9.12%

0.1 kPa

Temp.

67 ºC

184

Table 5.6. Rheological Tests Results for Extracted Binders from PG 70-22M Mixtures
DSR and BBR Results
Test

Spec.

Temp.

70CO

70-5P

70-5RAS

70-5RAS-5P

70-20RAP

70-20RAP-5P

G*/sinδ

>2.2 kPa

82 ºC

2.76 kPa

2.99 kPa

10.90 kPa

13.00 kPa

8.13 kPa

5.86 kPa

G*.sinδ

<5000 kPa

25 ºC

4950 kPa

4830 kPa

8940 kPa

7680 kPa

7800 kPa

7240 kPa

S

<300 MPa

-6

100 Mpa

103 Mpa

137 Mpa

132 Mpa

132 Mpa

155 Mpa

S

<300 MPa

-12

212 Mpa

230 Mpa

246 Mpa

245 Mpa

271 Mpa

291 Mpa

m-value

>0.3

-6

0.379

0.373

0.309

0.304

0.333

0.322

m-value

>0.3

-12

0.306

0.309

0.259

0.255

0.275

0.268

82-22

82-22

94-16

94-16

88-16

88-16

84.1-22.5

85.0-22.8

97.1-17.1

99.6-16.5

91.5-19.4

91.2-18.4

PG- Grading
Continuous PG- Grading

MSCR Results
Stress
%R

Jnr

70CO

70-5P

70-5RAS

70-5RAS-5P

70-20RAP

70-20RAP-5P

0.1 kPa

39.75%

34.62%

66.25%

58.60%

55.29%

50.26%

3.2 kPa

31.24%

28.55%

61.63%

53.15%

50.17%

41.61%

0.2735

0.1011

0.0343

0.0800

0.0832

0.2060

3.2 kPa

0.3234

0.1455

0.0390

0.0905

0.0929

0.2431

-

18.25%

13.15%

13.83%

13.15%

11.73%

17.99%

0.1 kPa

Diff. Jnr

5.6

Temp.

67 ºC

Summary and Conclusions

The present study examined the effects of the incorporation of recycled asphalt materials (5%
RAS, 20% RAP, and 5% RAS+20% RAP) and a light-activated self-healing polymer on the
performance of asphalt mixtures. Using a set of laboratory tests, self-healing properties of asphalt
mixtures were studied. Furthermore, the performance of asphalt mixtures against distresses such
as permanent deformation, low-temperature cracking, and intermediate temperature cracking was
characterized through LWT, TSRST, and SCB tests. Based on the results obtained from the
experimental program, the following conclusions could be drawn:
With respect to healing recovery:
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The addition of recycled materials to mixtures prepared with an unmodified binder (PG
67-22) negatively affected the healing recovery at room temperature. RAS addition also
deteriorated the self-healing properties of PG 70-22 mixture, while in some cases, RAP
application resulted in improved self-healing properties. Self-healing properties of the
mixtures were also improved by changing the curing condition temperature from 25°C to
50°C, which confirms the temperature dependency of the self-healing properties of asphalt
mixtures.



The addition of 5% self-healing polymer to the control mixture, followed by 48 h of UV
light exposure resulted in an increase in self-healing properties of the mixtures prepared
with PG 67-22 binder. The highest healing recovery ratio (84%) was observed for mixtures
prepared without recycled asphalt materials, containing 5% self-healing polymer, and
exposed to UV light. On the other hand, the addition of self-healing polymer to PG 70-22
mixture resulted in a reduction in healing efficiency, which can be due to undesirable
interactions of polyurethane in the self-healing polymer with SBS in the binder.

With respect to the effects of self-healing polymers on the mixture properties:


SCB test results showed that the addition of recycled asphalt materials improved the
cracking resistance of PG 67-22 mixtures possibly due to the polymer content in the RAP
and RAS sources. On the contrary, for PG 70-22 mixtures, which are prepared using a
polymer-modified binder, the use of recycled asphalt materials resulted in a decrease in the
Jc value measured from SCB test.



The use of 5% self-healing polymer to the mixtures resulted in an improvement in the
cracking performance, followed by an additional increase through UV light exposure. A
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PG 70-22 mixture with 5% RAS, and 5% self-healing polymer had a Jc value of 0.72 kJ/m2
after exposing the samples to UV light for 48h.


LWT test results showed that the addition of recycled asphalt materials enhanced the
rutting resistance for mixtures prepared with both unmodified and polymer modified
binder.



LWT test results showed that the addition of the self-healing polymer caused an increase
in the rut depth of the samples prepared with an unmodified binder. However, the final rut
depth was less than 6 mm, which is an acceptable rutting performance.



TSRST test results showed that the addition of 5% RAS and 20% RAP separately increased
the fracture load of the samples. A further increase was observed through a self-healing
polymer application. Yet, differences were statistically insignificant.
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6. OPTIMIZATION PROCESS OF SELF-HEALING POLYURETHANE
PREPOLYMER MODIFIED ASPHALT BINDER
6.1

Introduction

The most common type of pavement used around the world is asphalt pavement, which consists
of mineral aggregates and asphalt binder. Aggregates are responsible for providing the loadbearing capacity of the pavement while asphalt binder, which is the only deformable component,
has a significant effect on the performance of asphalt pavement. The performance of asphalt
pavement is affected by various environmental conditions and traffic loadings. This leads to the
development of different distresses such as rutting or permanent deformation at high temperature,
fatigue cracking at an intermediate temperature, and thermal cracking at low temperature. During
the last decades, different types of additives and modifiers were evaluated with the aim to enhance
the performance of asphalt pavement.
Polymers are one of the main types of modifiers, which are used in asphalt binder to
improve the rutting resistance at high temperature and fatigue resistance at ambient temperature
(Zhu et al. 2014). Polymers are divided into three groups of thermoplastic elastomers, plastomers,
and reactive polymers. Examples of the first two groups are styrene-butadiene-styrene (SBS),
styrene-butadiene-rubber (SBR), ethylene-vinyl acetate (EVA) and waste polymers (crumb tire
rubber, plastics, etc.), which are added to the asphalt binder using a passive approach. In this
approach, cured polymers are physically mixed with asphalt binder, which in some cases may
result in poor compatibility. On the other hand, the application of reactive groups provides better
compatibility by reacting the functional groups in the polymer with specific groups in asphalt
binder (Cuadri et al. 2014a). Examples of reactive groups include pre-polymers containing
glycidyl methacrylate (Polacco et al. 2015; Selvavathin et al. 2002), toluene diisocyanate (TDI)
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production waste (Singh et al. 2006), and methylene diphenyl diisocyanate (MDI) derived prepolymers (Martín-Alfonso et al. 2009; Navarro et al. 2009).
Polyurethane pre-polymers are a group of active polymers, which can be used as an asphalt
binder modifier. Polyurethane pre-polymers are produced by reacting a polyol group with a
diisocyanate group. However, when mixed with asphalt binder, it is expected that diisocyanate
groups present in the pre-polymer react with polar groups (-OH; -NH) in asphaltenes, resins, and
even aromatics molecules, providing a three-dimensional network of polyurethane modified
asphalt binder (Química and Física 2010). Furthermore, since the pre-polymer is in a liquid state,
the mixing process of asphalt binder and polyurethane pre-polymer can be conducted at lower
temperatures (Cuadri et al. 2013, 2014b).
A new generation of polyurethane polymers is light-activated self-healing polyurethanes
(Ghosh et al. 2011; Shirzad et al. 2018). The self-healing polyurethanes contain an intrinsic,
repeatable self-healing property, which is activated by exposure to UV light (sunlight). When
damages occur in the self-healing polyurethane, various bonds are broken and highly reactive
unstable free radicals are formed. Finally, with exposure to the UV light, the unstable free radical
react, close the micro-crack and repair the damage (Ghosh et al. 2011). It is expected that by
providing a three-dimensional network between the self-healing polyurethane pre-polymer and
asphalt binder, both the performance of the asphalt mixture and its crack-healing rate be improved.
Polyurethane modified binder can also be used as a moisture barrier. The presence of a reactive
urethane moiety in the asphalt binder is expected to improve adhesion to different substrates and
consequently reduce moisture penetration (Singh et al. 2006).
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6.2

Objectives and Scope

This chapter had two main objectives; (1) to develop an optimum preparation process for the
production of a novel self-healing polyurethane modified asphalt binder, and (2) to evaluate the
effect of the self-healing polyurethane modified binder on the rheological properties of asphalt
binder.
6.3

Background

Polymer modified binders can be used in the construction of asphalt pavement to enhance its
performance. However, the stability of these products mainly depends on the adequate dispersion
of polymer and compatibility of the polymer with asphalt binder. Furthermore, high processing
and mixing temperature can lead to degradation of the polymer and consequently changing the
mechanical properties of the polymer-modified asphalt binder. As a result, ambient curable prepolymers were introduced for the modification of asphalt binder. Furthermore, using this approach,
a reaction between curable pre-polymer reactants and asphalt binder components is expected
(Singh et al. 2006).
Polyurethane is a thermosetting polymer, which has been used widely for coatings,
adhesives, sealants, and other industries. Polyurethane pre-polymers are also used in asphalt
pavement modifications. Polyurethane is produced by reacting polyols groups (–OH) also referred
to as “flexible segments” with “stiff segments” or diisocyanate groups (–NCO). The soft segment,
formed by polyol is in charge of extensibility while the stiff segment formed by isocyanate has the
role of cross-linker and high modulus filler (Química and Física 2010). Furthermore, the free –
NCO groups in the pre-polymer may react with –OH pendant groups available in the most polar
particles of asphalt binder (asphaltenes and resins), leading to the formation of urethane linkages
(Carrera et al. 2010):
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R1–NCO + R2–OH  R1–NH–COO– R2
The modification of asphalt binder using polyurethane pre-polymer has been investigated
by multiple researchers. Singh et al. used an in-situ generation of polymer inside a matrix of asphalt
binder at low temperature. In their approach, asphalt binder was treated with various percentages
of diphenylmethane diisocyanate (MDI) under nitrogen atmosphere, at a temperature of 180°C and
reaction time of 2h. After cooling the treated binder, catalyzed polyol (10-30%) was added
gradually and stirred for 6 to 8h. In the next step, MDI was added and mixed for 1 to 2 minutes.
The final polyurethane modified binder was introduced for coating, waterproofing, and sealing
applications in building construction (Singh et al. 2006).
Cuaadri et al. evaluated the application of isocyanate-functionalized castor oil for asphalt
binder modification. They prepared the pre-polymer using different ratios of –NCO: –OH (2:1,
4:1, and 8:1) provided from MDI and Castor oil, respectively. The reaction was conducted at 60°C,
under nitrogen and for a duration of 48h. Asphalt binder samples were prepared by mixing 2%
pre-polymer by the weight of the binder at 90°C for 1h. The effect of the pre-polymer was
examined through multiple rheological tests and was compared to asphalt binder modified with
3% SBS. They reported that the addition of 2% pre-polymer with a –NCO: –OH ratio of 8:1 and
15 days of curing resulted in a viscosity higher than the binder modified with 3% SBS. They also
mentioned that the mixing temperature of 90°C can lead to a significant decrease in energy
consumption and an increase in health and safety manufacturing conditions (Cuadri et al. 2013).
Lei et al. used green castor oil as a replacement for chemical polyols with MDI to prepare the
polyurethane modified asphalt binder. They prepared the modified binder with three percentages
of 10, 20, and 30%. They reported an improvement in the high and low-temperature properties of
the modified asphalt binder with a more significant result in the high-temperature grade. The
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addition of 30% modifier caused an increase in the high-temperature grade from 70°C to 82°C.
Results from the multiple stress creep recovery (MSCR) test showed an increase in percent
recovery and a decrease in creep compliance (Xia et al. 2017). Carrera et al. developed a
polyurethane modified bitumen emulsions for cold mix applications. The modified emulsions were
prepared at concentrations of 1, 2, 3 or 4% mixed at 90°C, for 1 h (Carrera et al. 2015).
Previous results by researchers showed the effects of polyurethane pre-polymer modified
asphalt binder. However, in the present study, a new generation of polyurethane pre-polymers,
which contain an intrinsic self-healing ability activated by the exposure to sunlight, was used. The
UV light-activated self-healing polyurethane was introduced by Ghosh et al. for coating
applications (Ghosh et al. 2011). In a previous study, Shirzad et al. investigated the application of
self-healing polyurethane in asphalt binder and asphalt mixtures using a passive approach.
However, results were inconclusive and demonstrated issues with phase separation of polymer and
asphalt binder (Shirzad et al. 2018). In the present study, the authors used a reactive process for
the production of the self-healing polyurethane-modified binder. This approach can eliminate
phase separation issues. Furthermore, since the pre-polymer is in a liquid form, it can be mixed
with the asphalt binder at a lower temperature. The novel self-healing polyurethane pre-polymer
modified asphalt binder provides two advantages. First, the polyurethane backbone can improve
the performance of the asphalt mixture, and second, it may enhance its crack-healing rate. As a
result, upon the appearance of the micro-cracks, different bonds in the three-dimensional network
of self-healing polyurethane modified asphalt binder are broken. With the exposure to sunlight,
which is clean, available, and free, the reactive bonds recombine and seal the micro-cracks and
delay crack propagation. The effects of polyurethane pre-polymer modified asphalt binder on the
cracking resistance of asphalt mixtures are presented in a separate paper.
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6.4
6.4.1

Experimental Program
Materials

The UV light-activated self-healing polymer consists of four main chemicals. Chitosan (CHI) was
used to provide UV light sensitivity, while breakage of oxetane (OXE) ring structure leads to the
appearance of unstable free radicals. Furthermore, tri-functional hexamethylene diisocyanate
(HDI) (Desmodur N 3900) and polyethylene glycol (PEG) were used to provide isocyanate groups
(–NCO) and hydroxyl groups (–OH), respectively. The viscosity of HDI and PEG are reported as
958 and 100 mPa.s at 20°C, respectively. Other materials required to prepare the self-healing
polymer were sodium hydroxide beads (NaOH), acetic acid, isopropanol alcohol, dimethyl
sulfoxide (DMSO), and dibutyltin dilaurate (DBTDL). Finally, a non-polymer modified asphalt
binder with a grade of PG 67-22 was used to prepare asphalt binder blends with and without selfhealing polyurethane pre-polymer.
6.4.2

Preparation Process

The preparation process of the self-healing modified binder consisted of two phases. In the first
phase, the self-healing material, referred to as the oxetane substituted chitosan (OXE-CHI), was
prepared based on the process presented in Figure 6.1a. The produced OXE-CHI, together with
HDI, PEG, and asphalt binder are reacted in phase two to produce the self-healing polyurethane
modified asphalt binder. Two different approaches were used to prepare the modified binder as
described in Figure 6.1b. During these processes, -NCO groups from HDI reacts with -OH groups
of PEG, -OH and -NH groups of asphalt binder and -NH2 groups of OXE-CHI. Different molar
ratios (-NCO:-OH) were selected to provide unreacted -NCO groups in the polyurethane
prepolymer to confirm the required reactions and to provide a three-dimensional network of
polymer-modified asphalt binder.
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(a)

(b)
Figure 6.1. Production process of self-healing polyurethane modified asphalt binder, (a) phase
one and (b) phase two.
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6.4.3

Optimization Process

The objective of this study was to develop an optimized procedure for the production of the selfhealing polyurethane modified asphalt binder. Multiple polyurethane pre-polymer modified binder
samples were prepared by varying different production parameters such as the ratio of –NCO:-OH
groups, the OXE-CHI dispersion approach, and the HDI-PEG reaction temperature and mixing
rate. Furthermore, the study assessed the effect of the number of curing days and UV light exposure
on increasing the rate of polymer bond formation. Table 6.1 summarizes the experimental test
factorial for the optimization process and Table 6.2 presents the binder blends prepared for this
study.
6.4.4

Fourier Transform Infrared (FT-IR) Spectroscopy

FTIR spectroscopy was used to monitor the presence of unreacted isocyanate group (–NCO) in the
modified asphalt binder and to evaluate the formation of the urethane structure. For this purpose,
infrared radiation was passed through the modified asphalt binder samples and an infrared
spectrum was obtained based on the fraction of the radiation absorbed at a certain energy. Next,
the band at 2260 cm-1 and 1720 cm-1 were examined for the presence of –NCO group and the C=O
bond in the urethane group, respectively.
6.4.5

Rheological Testing

A dynamic shear rheometer (DSR) test was conducted at high temperature (based on AASHTO T
315), in order to characterize the viscous and elastic behaviors of the prepared self-healing
polyurethane polymer modified asphalt binders. The DSR test was conducted on unaged samples
to measure the complex shear modulus (G*) and phase angle (δ) of each sample and to calculate
the elastic portion of complex modulus (G*/ sin δ). An increase in G*/ sin δ suggests a higher
rutting resistance at high temperature.
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Table 6.1. Test Matrix for Polymer Modified Binder Optimization Experiment
Preparation Variable

Levels

NCO:OH ratio

2:1; 4:1; 6:1; and 8:1

OXE-CHI dispersion approach

Dispersed in asphalt binder
Dispersed in PEG
20°C

HDI-PEG reaction temperature

40°C
60°C

Mixing rate

500 rpm
1500 rpm
1

Number of Curing Days

7
15
30

UV exposure

No UV exposure
Continuous UV Exposure

The Superpave Performance Grade (PG) of the modified binder prepared with the optimum
production process was compared to the performance of the unmodified binder (PG 67-22). Binder
blends were graded according to AASHTO R 29, “Grading or Verifying the Performance Grade
of an Asphalt Binder” and AASHTO M320, “Standard Specification for Performance-Graded
Asphalt Binder.” High-temperature grade and low-temperature grade were obtained using DSR
and Bending Beam Rheometer (BBR). A multiple stress creep recovery (MSCR) test was
performed at 67°C (based on AASHTO TP 70) in order to examine the properties at high service
temperature and to assess the rutting potential of the samples. The MSCR test evaluated the elastic
behavior of asphalt binder samples and their resistance to permanent deformation under a repeated
load using the percent recovery (%R) and the non-recoverable creep compliance (Jnr),
respectively.
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Table 6.2. Description of the Prepared Binder Blends
#

Binder Blend

Temp, Agitation
Rate

OXE-CHI

HDI: PEG
ratio

UV Exposure

1

67CO

-

-

-

W and WO UV

2

67/25/500/21

25°C, 500 rpm

-

2:1

-

3

67/25/500/41

25°C, 500 rpm

-

4:1

-

4

67/25/500/61

25°C, 500 rpm

-

6:1

-

5

67/40/500/21

40°C, 500 rpm

-

2:1

-

6

67/40/500/41

40°C, 500 rpm

-

4:1

-

7

67/40/500/61

40°C, 500 rpm

-

6:1

-

8

67/60/500/21

60°C, 500 rpm

-

2:1

-

9

67/60/500/41

60°C, 500 rpm

-

4:1

-

10

67/60/500/61

60°C, 500 rpm

-

6:1

-

11

67/60/500/81

60°C, 500 rpm

-

8:1

-

12

67/25/1500/21

25°C, 1500 rpm

-

2:1

-

13

67/25/1500/41

25°C, 1500 rpm

-

4:1

-

14

67/25/1500/61

25°C, 1500 rpm

-

6:1

-

15

67/60/1500/81

60°C, 500 rpm

-

8:1

-

16 67/PEG/25/500/21

25°C, 500 rpm

Dispers. in PEG

2:1

W and WO UV

17 67/PEG/25/500/41

25°C, 500 rpm

Dispers. in PEG

4:1

W and WO UV

18 67/PEG/25/500/61

25°C, 500 rpm

Dispers. in PEG

6:1

W and WO UV

19

67/AC/25/500/21

25°C, 500 rpm

Dispers. in AC

2:1

W and WO UV

20

67/AC/25/500/41

25°C, 500 rpm

Dispers. in AC

4:1

W and WO UV

21

67/AC/25/500/61

25°C, 500 rpm

Dispers. in AC

6:1

W and WO UV

22 67/AC/25/1500/21

25°C, 1500 rpm

Dispers. in AC

2:1

W and WO UV

23 67/AC/25/1500/41

25°C, 1500 rpm

Dispers. in AC

4:1

W and WO UV

24 67/AC/25/1500/61

25°C, 1500 rpm

Dispers. in AC

6:1

W and WO UV

25

67/AC/60/500/81

60°C, 500 rpm

Dispers. in AC

8:1

W and WO UV

26 67/AC/60/1500/81

60°C, 1500 rpm

Dispers. in AC

8:1

W and WO UV
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The fatigue resistance of the binder blends was evaluated using the fatigue factor (G*.
sinδ), the linear amplitude sweep (LAS) test, and the pure linear amplitude sweep (PLAS) test
(16). LAS was performed according to AASHTO TP 101, to predict the number of cycles to failure
at two different strain levels (2.5% and 5.0%) based on Equation (1), where A and B are the
viscoelastic continuum damage (VECD) model coefficients and Nf is the number of cycles to
failure:
Nf = A × (Applied Load) B

(6.1)

The PLAS test is a newly developed fatigue-cracking test, which uses the fatigue resistance
energy index (FREI) to evaluate the binders’ fatigue behavior. The FREI parameter was derived
from fracture mechanics and can be calculated using Equation (2):
FREI=

𝐽𝑓−𝜏𝑚𝑎𝑥
𝐺0.5 𝜏𝑚𝑎𝑥

. (𝛾0.5 𝜏𝑚𝑎𝑥 )2

(6.2)

where 𝐽𝑓−𝜏𝑚𝑎𝑥 is the shear fracture energy calculated until maximum shear stress, 𝐺0.5 𝜏𝑚𝑎𝑥
is the calculated shear modulus at point of half of the maximum shear stress, and 𝛾0.5 𝜏𝑚𝑎𝑥 is the
shear strain at the point of maximum shear stress (Zhou et al. 2019)
6.5
6.5.1

Results and Analysis
Fourier Transform Infrared (FT-IR) Spectroscopy

FTIR spectroscopy was used to evaluate the presence of unreacted isocyanate group in the
polymer-modified asphalt binder. The band at 2260 cm-1 corresponds to –NCO while the band at
1720 cm-1 relates to the C=O bond in the urethane group. Figure 6.2 shows the FTIR spectra for
the asphalt binders modified with the polyurethane pre-polymer. Spectra presented in Figure 6.2a
were obtained from the modified binder at day 1 and right after sample preparation, while Figure
6.2b shows the spectra of the modified binders stored at room temperature for 15 days. As shown
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in these figures, the non-modified binder (67CO) did not have any isocyanate group while in the
modified binder, a peak was observed at 2260 cm-1. Furthermore, after 15 days of exposure to
room temperature, the isocyanate peak disappeared as shown in Figure 6.2b. The peak at 1720 cm1

was studied to confirm the formation of urethane bonds in the polymer modified binder. As

shown in Figure 6.2a and Figure 6.2b, the spectra from the control (67CO) sample did not have a
peak at 1720 cm-1 and therefore there is no urethane in the virgin binder. However, for the polymermodified asphalt binder samples, a peak at 1720 cm-1 was observed, which confirms the formation
of polyurethane.
6.5.2

Rheological Testing

The effects of self-healing polyurethane pre-polymer on the rheological properties of the prepared
binder blends were evaluated at intermediate and high temperature. The self-healing polyurethane
pre-polymer was added to the asphalt binder by 5% weight of the binder. This percentage was
selected based on a previous study conducted by the same authors (Shirzad et al. 2018, 2019). In
the previous study, a passive approach was used for the preparation of the modified binder with
three percentages of 1, 3, and 5%. Results concluded that the 5% self-healing polyurethane
provided the most significant changes in the performance of the asphalt binder. The complex shear
modulus, phase angle, and rutting resistance (G*/ sin δ) of the prepared binder samples were
measured to evaluate the effects of the different production parameters and to select the optimum
process for the production of self-healing polyurethane pre-polymer modified asphalt binder. The
effects of the dispersion approach, pre-polymer mixing temperature, agitation rate, -NCO:-OH,
UV exposure, and the number of curing days were evaluated in the present study.
Effect of Pre-Polymer Mixing Temperature and Agitation Rate. The effects of the
polyurethane mixing temperature and agitation rate were evaluated. For this purpose, HDI was
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reacted with PEG at three different temperatures of 25, 40, and 60°C and then mixed with asphalt
binder. It was expected that the change in the temperature would lead to an increase in the rate of
reaction. The results of the measured rutting factor of the three binder blends (67/25/500,
67/40/500, and 67/60/500) are presented in Figure 3b.

1 67CO
2 67/60/500/21
3 67/60/500/41
4 67/60/500/61
5 67/60/500/81

C=O
(urethane)
NCO

2, 3, 4, 5
1

(a)

C=O
(urethane)

1 67CO
2 67/60/500/21
3 67/60/500/41
4 67/60/500/61
5 67/60/500/81

NCO

2, 3, 4, 5

1

(b)
Figure 6.2. FTIR spectras for binder modified with polyurethane prepolymer, (a) Day 1, (b) Day
15
The measured rutting factor for all tested binder blends was similar at day 1; however, at
day 7, binder blends with polyurethane mixed at a higher temperature of 60°C showed a higher
201

rutting factor. The changes caused by polyurethane mixing temperature was not significant at day
15 and day 30. It can be concluded that using a higher mixing temperature may increase the rate
of reaction in asphalt binder; however, after a certain period, the effect may not be significant.
Based on these results, a temperature of 60°C was selected for further testing. Figure 3c presents
the results for the effect of different agitation rates (500 and 1500 rpm) for the reaction of
isocyanate with hydroxyl. As it was expected, the increase in the agitation rate led to a faster
reaction and therefore, higher rutting factor. Based on these results, the rutting factor of the virgin
PG 67-22 increased from 0.935 kPa to 1.94 kPa for binder blends containing 5% self-healing
polyurethane pre-polymer mixed at a temperature of 60°C and an agitation rate of 1500 rpm.
Effect of -NCO:-OH Ratio. Isocyanate group (-NCO) reacts with the hydroxyl group (OH) to produce polyurethane polymer. In this study, the isocyanate was provided from HDI while
the PEG delivered a hydroxyl group. However, in order to establish a crosslink between
polyurethane and asphalt binder, additional isocyanate groups (-NCO) are required. The additional
isocyanate groups are expected to react with –NH and –OH groups of asphalt binder (mostly
present in asphaltenes and resins) in addition to the amino group present in OXE-CHI to form a
three-dimensional network between self-healing materials, polyurethane, and asphalt binder. Four
different ratios of –NCO:-OH (2:1, 4:1, 6:1, and 8:1) were tested. All binder blends were prepared
using the dispersion in the AC approach with polyurethane mixing temperature and agitation rate
of 60°C and 1500 rpm. Results are presented in Figure 4. For day 1 (Figure 4a), the highest rutting
factor was reported for 67/AC/60/1500/81 binder blend with a value of 1.08 kPa compared to 0.935
kPa for the virgin binder. Similar behavior was observed at day 7, day 15, and day 30 where
67/AC/60/1500/81 presented the highest rutting factors of 1.23, 1.70, and 1.95 kPa, respectively.
The increase in the –NCO group resulted in an increase in the formation of urethane bonds;
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therefore, it caused an increase in the complex modulus, a decrease in the phase angle, and
consequently an increase in the measured rutting factor.
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Figure 6.3. Effect of the pre-polymer mixing parameters on rutting resistance of the prepared
binder blends, (a) OXE-CHI dispersion approach, (b) effect of temperature, (c) effect of agitation
rate
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Figure 6.4. Effects of the HDI: OH ratio (a) Day 1, (b) Day 7, (c) Day 15, (d) Day 30
Effect of UV Light Exposure. The self-healing ability of the proposed polymer is
activated through the exposure to UV light. In order to evaluate the effect of UV light exposure, a
UV lamp with a wavelength 302 nm was placed at a 10 cm distance from the binder blends to
provide a UV radiation with an intensity of 1 mW/cm2. The selected UV light set up provides a
typical intensity of sunlight, which is between 1 and 2 mW/cm2 at a wavelength below 350–400
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nm. The rutting factor of the samples was measured and compared for samples with and without
exposure to UV light. Results are presented in Figure 5. In order to account the effect of aging
through exposure to UV light, virgin binder samples (PG 67-22) were also tested. The exposure to
UV light increased the rutting factor of the unmodified samples (67CO) from 0.935 kPa to 1.06,
1.28, and 1.50 kPa for 7, 15, and 30 days of exposure. This increase in the rutting factor was due
to aging caused by continuous exposure to UV light. However, for 67/AC/60/1500/81/UV binder
blend, a rutting factor of 1.19 kPa was measured for day 1. This value increased to 1.78 kPa after
7 days of UV exposure, which was higher than the value measured for 67CO after 30 days of
exposure. The highest rutting factor was reported for 67/AC/60/1500/81/UV binder blend with 30
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days of UV exposure with a rutting factor of 4.38 kPa.

Binder Blends

Figure 6.5. Effect of UV light exposure
Effect of the Number of Curing Days. Results presented in Figure 6.3 to Figure 6.5 were
used to evaluate the effect of curing days on the measured rutting factors of the different binder
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blends. As shown in these figures, the lowest rutting factor was observed on day 1; it then increased
with an increase in the number of curing days (7, 15 and 30 days). This increase in the rutting
factor with the number of curing days can be related to the number of unreacted –NCO groups
present in the asphalt binder. The unreacted isocyanate is provided from HDI, which is in a liquid
condition leading to a lower complex modulus and rutting factor at day 1. However, with exposure
to room temperature (25°C±1°C) and room relative humidity (50%±5%), the remaining reactive
isocyanate groups react with –OH and -NH groups in the asphalt binder to produce urethane bonds.
The formation of urethane bonds led to an increase in the complex modulus and rutting factor of
the modified binder blends. Figure 6 shows the area under the NCO peak at 2260 cm-1 for the
modified binder blends prepared with and HDI: PEG ratio of 8:1. The modified binder blend
prepared at a temperature of 60°C and rpm of 500 shows the highest amount of unreacted
isocyanate on day 1. As it was expected, the increase in the agitation rate from 500 rpm to 1500
rpm led to an increase in the reaction rate and therefore a decrease in the number of unreacted
isocyanate groups. A further decrease was observed with UV exposure and a number of curing
days. As a result, the number of isocyanate groups present in the 67/AC/60/1500/UV binder blend
was almost zero at day 15.
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Figure 6.6. Effect of the number of curing days
6.5.3

Superpave Performance Grade (PG)

Based on the results presented, a dispersion approach of dispersion in AC, mixing temperature and
rpm of 60°C and 1500 rpm, and an HDI: PEG ratio of 8:1 were selected as the optimum process
for the production of self-healing polyurethane pre-polymer modified asphalt binder. Using the
optimized process, a modified binder blend containing 5% polymer by weight of binder was
prepared (67-5PP). The fundamental rheological properties of the modified binder (67-5PP) such
as PG, rutting resistance, and fatigue resistance were compared to the properties of an unmodified
asphalt binder (67CO). Results are presented in Table 3. Samples were also tested after 30 days of
conditioning at room temperature (RT) and UV exposure. The addition of 5% self-healing polymer
caused an increase in the rutting factor from 0.94 kPa to 1.08 kPa. The rutting factor of the
polymer-modified binder increased to 1.95 kPa and 4.37 kPa with 30 days of conditioning at RT
and UV exposure, respectively. The PG grade of the virgin binder was changed from PG 67-22 for
67CO to 70-22 for 67-5PP. The PG-grade further increased to PG 76-22 with the exposure of
binder blends sample to UV light. The increase in the rutting factor and high-temperature grade of
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the polymer-modified binder may indicate the successful formation of the urethane bond and crosslinked network of the asphalt binder and polyurethane. It should be mentioned that the addition of
self-healing polyurethane did not have a significant effect on the low-temperature performance of
the asphalt binder.
6.5.4

Rutting Performance

The MSCR results provided the percent recovery (%R) at two different stress levels of 0.1 and 3.2
kPa. Based on the results presented in Table 3, the percent recovery of the binder was increased
from 0 for the control binder (67CO) to 2.8% for the modified binder (67-5PP) due to the addition
of polyurethane pre-polymer. Additionally, exposure to UV light increased the rate of reaction and
therefore polymer formation in the modified binder. This led to a further increase in the percent
recovery of the modified binder with a recovery of 21.5% at 0.1 kPa and 6.0% at 3.2 kPa. On the
other hand, the creep compliance of the binder was reduced due to the addition of polyurethane
pre-polymer. A further decrease was observed because of UV exposure.
6.5.5

Fatigue Performance

The fatigue behavior of the modified binder was examined using the fatigue factors, Nf from LAS
test and FREI parameter from the PLAS test. LAS and PLAS were conducted at 18°C. An increase
in the measured fatigue factor (G*.sinδ) was observed due to the addition of the pre-polymer. This
value further increased to 2,240 kPa and 3,630 kPa because of RT and UV conditioning,
respectively. Results obtained from LAS and PLAS showed a decrease in Nf and the FREI
parameter with the addition of self-healing polyurethane and exposure to UV light, indicating the
negative effect of polymer on the fatigue behavior. In conclusion, the application of self-healing
polyurethane in asphalt binder led to an increase in binders’ stiffness at an intermediate
temperature and caused a decrease in the fatigue resistance of the modified binder.
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Table 6.3. Rheological Properties of the Self-healing Polyurethane Pre-polymer Modified
Asphalt Binders
Test Description

67CO (PG 67-22)

67-5PP (67/AC/60/1500/81)

Day 1

30Days RT

30Days UV

Day 1

30Days RT

30Days UV

0.94 kPa

0.94 kPa

1.50 kPa

1.08 kPa

1.95 kPa

4.37 kPa

Stiffness @ -12°C

154 MPa

150 MPa

203 MPa

169 MPa

166 MPa

166 MPa

Stiffness @ -18°C

384 MPa

381 Mpa

405 MPa

372 MPa

358 MPa

351 MPa

m-value @ -12°C

0.337

0.336

0.339

0.334

0.362

0.368

m-value @ -18°C

0.260

0.260

0.271

0.257

0.285

0.293

67-22

67-22

70-22

70-22

70-22

76-22

%R @ 0.1 kPa

0

0

1.41%

2.78%

7.12%

21.54%

MSCR

%R @ 3.2 kPa

0

0

0

5.66%

0.78%

6.01%

@ 67°C

Jnr @ 0.1 kPa

7.45 1/kPa

7.38 1/kPa

4.23 1/kPa

6.98 1/kPa

3.12 1/kPa

1.01 1/kPa

Jnr @ 3.2 kPa

8.61 1/kPa

7.98 1/kPa

4.70 1/kPa

8.54 1/kPa

3.64 1/kPa

1.30 1/kPa

1540 kPa

1520 kPa

1168 kPa

1560 kPa

2240 kPa

3630 kPa

Nf (5.0%)

1661

1661

1428

1652

1413

1071

FREI

2.16

2.16

2.17

2.18

0.92

0.66

Rutting Factor @ 70°C

BBR

PG-Grading

Fatigue Factor @ 25°C

6.6

Summary and Conclusions

This study evaluated the effects of self-healing polyurethane modified asphalt binder production
parameters and developed an optimized process for its production. The effect of self-healing
materials dispersion approach, polyurethane mixing temperature, and agitation rate, NCO: HDI
ratio, UV exposure, and a number of curing days, were evaluated. Findings of the study can be
summarized as follows:
With respect to the optimization process:


The dispersion approach did not have a significant effect on the properties of the modified
binder; therefore, dispersion in the asphalt binder was selected.
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The increase in the mixing temperature and agitation rate of the polyurethane pre-polymer
preparation increased the reaction rate; therefore, a mixing temperature of 60°C and an
agitation rate of 1500 rpm were selected.



UV exposure led to an increase in the rate of reaction and formation of urethane bond in
the modified asphalt binder.



The amount of unreacted isocyanate group decreased with the increase in the number of
curing days. However, after a certain period, all isocyanate groups reacted and no more
change is expected on the properties of the modified asphalt binder.

With respect to the rheological properties of the modified asphalt binder:


The addition of 5% self-healing polyurethane pre-polymer led to one grade increase in the
high-temperature grade of the asphalt binder; however, it did not have a significant effect
on the low-temperature grade.



The elastic properties of the asphalt binder were enhanced due to the addition of the selfhealing polyurethane pre-polymer and exposure to UV light.



The fatigue behavior of the unmodified binder was negatively affected by the addition of
the self-healing polyurethane pre-polymer.

6.7
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7. RHEOLOGICAL AND MECHANICAL EVALUATION OF
POLYURETHANE PREPOLYMER MODIFIED ASPHALT MIXTURE
WITH SELF-HEALING ABILITIES
7.1

Introduction

One of the most common types of distresses in asphalt pavement is cracking. Cracking can occur
as a result of traffic loading, construction deficiencies, severe climate conditions, and aging of the
asphalt pavement. The appearance and propagation of cracks in asphalt pavement can eventually
lead to its deterioration and failure. Furthermore, frequent maintenance, rehabilitation, and
reconstruction of the vast network of roads surfaced with asphalt pavement, lead to a huge amount
of reclaimed asphalt pavement (RAP), which may need to be landfilled. Yet, RAP is 100%
recyclable, and it can be used as a partial or complete replacement of virgin materials. The
application of RAP in asphalt pavement construction can significantly reduce the use of virgin
materials and the negative environmental impacts of asphalt pavement reconstruction. However,
the main challenge with this approach is that the asphalt binder in RAP has been exposed to severe
oxidation aging during its service life. Consequently, the binder is becoming hardened and brittle,
which increases crack susceptibility and may affect the performance and service life of asphalt
mixtures adversely.
Asphalt binder experiences self-healing capabilities, which can be investigated as a
solution to asphalt pavements cracking problems. Self-healing can be defined as the ability of a
material to repair itself and to recover its original properties. Self-healing of asphalt binder occurs
at the molecular level and through the reversible hydrogen bonding of the associated molecules on
the two faces of a micro-crack. When the cracked surfaces are in contact, the associated molecules
link together through the hydrogen bonds and heal the micro-crack. However, the self-healing
ability of asphalt binder is highly dependent on the temperature and rest periods. When the required
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rest period or healing time is not provided, fewer links and bridges are formed between the two
faces of the micro-crack and weaker healing is achieved. Therefore, at ambient temperature and
under the continuous traffic loading, the rate of crack propagation can be much higher than the
rate of crack healing. Self-healing techniques can be used to increase the rate of crack healing in
asphalt pavements, to seal the micro-cracks, and to prevent crack propagation.
UV light-activated self-healing polymers are novel asphalt binder modifiers, which
combine the self-healing concept with polymer modification in one material. The self-healing
functionality increases the rate of crack healing while the polymer functionality enhances the
rutting, fatigue, and thermal resistance of the asphalt mixture. Self-healing functions at the
molecular level and is activated with sunlight, which is free, clean, and available. When microcracks appear, multiple chemical bonds in the self-healing polymer are broken and unstable free
radicals are produced. The increase in the number of reactive groups on the two faces of the crack
can lead to an increase in the rate of chain formation and consequently an increase in the rate of
crack healing. Furthermore, this self-healing mechanism is repeatable.
7.2

Background

Polymers have been used in asphalt pavements to improve its performance against rutting, fatigue
cracking, and thermal cracking. Furthermore, polymer addition can also cause a decrease in
pavement moisture susceptibility and stripping. Additionally, polymer-modified asphalt binders
present a higher ductility and elastic recovery compared to non-modified asphalt binders (Yildirim
2007). It should be noted that the properties of the polymer-modified asphalt binder are highly
affected by different parameters such as characteristics of the polymer, physical form of the
polymer, characteristics of the binder, type of mixing equipment, duration and temperature of
mixing (Becker et al. 2001). Polymers can be added to asphalt binder using two different mixing
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procedure: passive and reactive. In the passive procedure, a solidified polymer is mixed with
asphalt binder. This method requires a specific amount of mixing and shearing to achieve a uniform
distribution. In the reactive method, the polymer is added in a liquid form. As a result, the mixing
procedure is conducted at a lower temperature compared to the passive approach. Furthermore, a
chemical bond is formed between the polymer and asphalt binder in the reactive procedure
eliminating the phase separation problems. One of the reactive agents used for asphalt binder
modification is the isocyanate (-NCO) terminated pre-polymer. Isocyanate groups react with -OH
and -NH groups present in the asphalt binder (mostly in resins and asphaltenes) and produce
urethane bonds.
Carrera et al. (2010) evaluated the rheological and chemical properties of
polyurethane/urea-modified asphalt binder. They prepared the modified binder by reacting
polypropylene-glycol (PPG) and polymeric diphenylmethane diisocyanate (MDI), with a PPGMDI molar ratio of 1:3. Furthermore, they assessed the effect of water addition and different
processing conditions on the performance of the modified binders. They stated that the processing
conditions have a significant effect on the final product. Therefore, they concluded that a better
modification can be achieved by longer processing time before the addition of water (Carrera et
al. 2010).
In another study conducted by Química and Física (2010), castor oil was used to provide
the hydroxyl group (-OH) while methylene diphenyl diisocyanate (MDI) supplied isocyanate
groups. The result was an environmentally friendly modifier with renewable resources and lower
cost (Química and Física 2010). Karve et al. (2016) used castor oil as a substitution for polyol to
produce the polyurethane modified asphalt binder. They also examined the effect of reaction time,
catalyst and the OH: NCO ratio to optimize the production process. They stated that the -OH to 215

NCO ratio of 1.5:1 was suggested as the optimum ratio. Furthermore, it was stated that the hardness
of the polymer-modified binder was increased with time up to 5 days and then it stayed the same
(Karve et al. 2016). Yu et al. (2019) used a nanoscale polyurethane emulsion to produce the
polymer-modified asphalt binder. They reported a completely uniform distribution of polyurethane
in the modified binder in addition to an increase in the complex modulus, and a decrease in the
phase angle (Yu et al. 2018).
A new generation of self-healing polyurethane polymers (oxetane substituted chitosan
polyurethane) was introduced by Ghosh et al. (2011). The self-healing polyurethane was designed
for the coating industry and it is activated with UV light (Ghosh et al. 2011). Shirzad et al. (2018,
2019) examined the application of self-healing polyurethane in asphalt pavement using a passive
procedure. They used a ball milling machine to grind the solid polymer to smaller particle size and
mixed the ground polymer with asphalt binder at a temperature of 163oC using a high shear stirrer.
Results showed improved fatigue resistance and acceptable rutting performance; however, in some
cases, a statistically insignificant change was reported. They concluded that the desired chemical
bond between the self-healing polyurethane and asphalt binder did not achieve completely and
phase separation was observed in the prepared modified binders (Shirzad et al. 2018, 2019). In
order to address the challenges with phase separation, they developed an optimized procedure for
the production of light-activated self-healing polyurethane modified asphalt binder using a reactive
approach.
7.3

Objectives and Scope

This chapter had three main objectives; (1) to examine self-healing capability of asphalt mixtures
modified with UV light-activated self-healing polyurethane pre-polymer, (2) to evaluate the effect
of UV light-activated self-healing polyurethane pre-polymer on the fatigue and rutting
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performance of asphalt mixture, and (3) to evaluate the rheological properties of asphalt binder
extracted from asphalt mixture prepared using the self-healing polyurethane pre-polymer modified
binder.
7.4
7.4.1

Experimental Program
Materials

The self-healing polyurethane consists of four main components: chitosan (CHI) to provide UV
light sensitivity, oxetane (OXE) to provide unstable free radicals, tri-functional Hexamethylene
Diisocyanate (HDI) (Desmodur N 3900), and Polyethylene Glycol (PEG) to provide isocyanate
groups (–NCO) and hydroxyl groups (–OH) for the polyurethane backbone. An optimized process
developed by the same authors were used to produce the self-healing polyurethane prepolymer
(SPP) modified asphalt binder. The optimized process consists of two phases; in phase one, the
oxetane substituted chitosan, which is the self-healing material, is produced. In the second phase,
the dried OXE-CHI is reacted with HDI, PEG, and asphalt binder to produce the SPP modified
binder. A description of the SPP modified binder production process is presented in Figure 7.1.
Seven asphalt mixtures were prepared and evaluated in this study. A non-polymer modified
asphalt binder commonly used in Louisiana (PG 67-22) was used to prepare asphalt mixtures with
or without SPP and reclaimed asphalt materials (RAP). Asphalt binders were modified using three
different percentages of SPP (5, 10, and 15% by weight of asphalt binder). Furthermore, an SBS
modified control mixture was used to compare the performance of polyurethane modified mixtures
with SPP modified mixtures. RAP used in this study had a binder content of 4.5% and was added
to the mixture by 20% weight of the mixture, which is the allowable RAP percentage in Louisiana
(Williams 2016). Table 7.1 presents a description of the asphalt mixtures tested in this study.
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The aggregate blend consisted of 5/8” gravel, 1/2" gravel, coarse sand, and fine sand to
satisfy the mix design for a 12.5-mm Nominal Maximum Aggregate Size (NAMS) asphalt mixture.
The Superpave asphalt mixtures were prepared according to AASHTO R35-09, Standard Practice
for Superpave Volumetric Design for Hot Mix Asphalt, AASHTO M 323-07, and Standard
Specification for Superpave Volumetric Mix Design and Section 502 of the 2016 Louisiana
Standard Specifications for Roads and Bridges. Furthermore, a Level 2 design with a Ninitial of 8,
Ndesign of 100, and Nfinal of 160 gyrations were utilized. The optimum asphalt content was
determined based on volumetric design criteria (air voids = 3 to 5%, voids in mineral aggregates
≥ 13%, and voids filled with asphalt= 68%-78%) and densification requirements (%Gmm at Ninitial
≤ 89%, and %Gmm at Nfinal ≤98%). Furthermore, Table 1 presents the details for each mixture.
Table 7.1. Asphalt Mixture Compositions
Asphalt Mixture

Asphalt Binder

SPP

RAP

Binder

67CO

PG 67-22

0

0

4.6%

67-5SPP

PG 67-22

5%

0

4.6%

67-10SPP

PG 67-22

10%

0

4.6%

67-15SPP

PG 67-22

15%

0

4.6%

67-20RAP

PG 67-22

0

20%

4.6% (0.9% from RAP)

67-20RAP-10SPP

PG 67-22

10%

20%

4.6% (0.9% from RAP)

PG 70-22M

0

0

4.6%

70CO

218

Add 2 gr chitosan to sodium hydroxide solution

Mix at 0°C for 48h and refrigerate for another 48 hr.

Add precooled isopropyl alcohol and mix for 1 hr.

Add precooled chloromethyl oxetane, raise the temperature to 80°C and mix for 12 hr.

Filter and wash with methanol and dry for 12 hr.

Disperse in DMSO, set a pH of 6.8, add DBTDL and expose to UV light for 20 minutes

Filter and wash with methanol to get dried OXE-CHI

React HDI with PEG under N2 for 10
min. at room temperature and 500 rpm

Disperse OXE-CHI in asphalt binder for
half an hr. at 110°C and 1200 rpm

Add the HDI-PEG prepolymer to asphalt binder containing OXE-CHI and mix for 45
minutes at 110°C and 1500 rpm

Figure 7.1. SPP modified asphalt binder production process
7.4.2

Self-Healing Testing
Crack Width Analysis. Self-healing properties of asphalt mixtures were examined using

a crack width monitoring approach. Rectangular beams with a dimension of 40 mm x 40 mm x
160 mm were cut from compacted slabs. Next, using a three-point bending set-up, beams were
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loaded at a rate of 0.5 mm/min to induce cracks on the bottom of beams. After creating the cracks
light microscopy was used to take images of the induced cracks. Images were also captured after
7 days and 15 days of conditioning. One set (3 beams) was conditioned at room temperature
(25±1°C) while the second set (3 beams) was exposed to UV light with an intensity of 1 mW/cm2.
12 UV lamps with a 302 nm wavelength were placed at a 100 mm distance from the samples to
uniformly simulate sunlight, which has an intensity between 1 and 2 mW/cm2. Furthermore, UV
lamps provided a temperature of 40±2°C.
The average crack width was measured for each sample at day 0, day 7, and 15 and crack
healing efficiency was calculated using the following equation:
Crack Healing (%) =

𝐶𝑟𝑎𝑐𝑘 𝑊𝑖𝑑𝑡ℎ 𝑎𝑡 𝑑𝑎𝑦 0−𝐶𝑟𝑎𝑐𝑘 𝑊𝑖𝑑𝑡ℎ 𝑎𝑡 𝑑𝑎𝑦 7 𝑜𝑟 𝑑𝑎𝑦 15
𝐶𝑟𝑎𝑐𝑘 𝑊𝑖𝑑𝑡ℎ 𝑎𝑡 𝑑𝑎𝑦 0

𝑥100

(7.1)

Peak Load and Strain Energy Ratios. Using the load-displacement curve obtained from
three-point bending testing, peak load and strain energy (area under the curve up to the peak load)
were measured at day 0 and day 15. The peak load ratio and strain energy ratio were defined based
on Equations (7.2) and (7.3), respectively. The peak load ratio and strain energy ratio were used
to evaluate the rate of healing for different asphalt mixtures prepared with or without self-healing
polyurethane.
Peak Load Ratio (PLR) =

Strain Energy Ratio (SER) =
7.4.3

𝑃𝑒𝑎𝑘 𝐿𝑜𝑎𝑑 𝑎𝑡 𝑑𝑎𝑦 15
𝑃𝑒𝑎𝑘 𝐿𝑜𝑎𝑑 𝑎𝑡 𝑑𝑎𝑦 0

𝑥100

𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑡 𝑑𝑎𝑦 15
𝑆𝑡𝑟𝑎𝑖𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑡 𝑑𝑎𝑦 0

𝑥100

(7.2)

(7.3)

Mechanical Testing

Mechanical performance of the prepared asphalt mixtures was tested using Semi-Circular Bending
(SCB) test and Loaded Wheel Tracking (LWT) test.
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Semi-circular Bending Test. The SCB test was performed to assess the effect of SPP on
the cracking resistance of asphalt mixtures at intermediate temperature. SCB was conducted
according to ASTM D8044 and the critical strain energy release rate (Jc) value was calculated for
all the samples based on the following equation:
1 𝑑𝑈

𝐽𝑐 = ( )

(7.4)

𝑏 𝑑𝑎

where:
Jc = critical strain energy release rate (kJ/m2);
b = sample thickness (m);
a = notch depth (m);
U = strain energy to failure (kJ); and
dU/da = change of strain energy with notch depth (kJ/m).
Based on Louisiana’s specifications, a Jc value of 0.5 kJ/m2 is recommended for adequate
cracking performance.
Loaded Wheel Tracking Test. The resistance to permanent deformation of the asphalt
mixtures was evaluated using the LWT. Cylindrical specimens were submerged at a temperature
of 50°C, and a steel wheel was passed across the surface at a rate of 56 passes per minute for
20,000 cycles. Two circular samples with an air void of 7.0 ± 0.5% were used for each mixture
type. Based on Louisiana’s specifications, a maximum rut depth of 6 mm is recommended for
acceptable rutting performance.
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7.4.4

Rheological Testing

Asphalt binder was extracted from unaged and SCB samples (aged for 5 days at a temperature of
85°C) based on AASHTO T 164 and using trichloroethylene (TCE) as a solvent. Afterward, the
solvent (TCE) was removed based on the procedure described in AASHTO R 59. Extracted binders
were tested using the dynamic shear rheometer (DSR) and bending beam rheometer (BBR).
Furthermore, extracted binders were graded according to AASHTO R 29, “Grading or Verifying
the Performance Grade of an Asphalt Binder” and AASHTO M320, “Standard Specification for
Performance-Graded Asphalt Binder.” The Useful Temperature Interval (UTI) was calculated as
the range between the minimum and maximum temperature where the binder is expected to
perform adequately. Moreover, the low temperature cracking performance of asphalt binders was
evaluated using delta Tc, which can be defined as the difference between the critical stiffness
temperature and the critical relaxation temperature of the binder blends.
Rutting potential of the extracted binders at high temperature was evaluated by performing
the multiple stress creep recovery (MSCR) test at a temperature of 67°C (based on AASHTO TP
70). MSCR provided the percent recovery (%R) and the non-recoverable creep compliance (Jnr),
which can be used for the evaluation of the elastic behavior of asphalt binder and its resistance to
permanent deformation, respectively. Furthermore, the fatigue behavior of the extracted binders
was examined using the linear amplitude sweep (LAS) test, and the pure linear amplitude sweep
(PLAS) test. LAS was conducted according to AASHTO TP 101 and the predicted the number of
failures (Nf) at 5.0% strain level (Equation 7.5). PLAS is also a simplified fatigue test, which
defines the fatigue resistance energy index (FREI) to evaluate the fatigue resistance of the binder.
A higher FREI parameter presents a higher resistance against fatigue cracking (Zhou et al. n.d.).
PLAS was calculated according to Equation (7.6).
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Nf = A × (Applied Load) B
FREI=

𝐽𝑓−𝜏𝑚𝑎𝑥
𝐺0.5 𝜏𝑚𝑎𝑥

(7.5)

. (𝛾0.5 𝜏𝑚𝑎𝑥 )2

(7.6)

where 𝐽𝑓−𝜏𝑚𝑎𝑥 is the shear fracture energy calculated until maximum shear stress, 𝐺0.5 𝜏𝑚𝑎𝑥 is the
calculated shear modulus at point of half of the maximum shear stress and 𝛾0.5 𝜏𝑚𝑎𝑥 is the shear
strain at the point of maximum shear stress (Zhou et al. n.d.).
7.4.5

Chemical Testing

Fourier Transform Infrared (FT-IR) spectroscopy was used to assess the formation of the urethane
bond in the SPP modified binders. The 1720 cm-1 peak corresponds to the C=O bond in the
urethane group. In addition, the aging of asphalt binder led to the formation of carbonyl around
the 1700 cm-1. Therefore, two indices were defined and used in this study. Carbonyl index (ICO)
monitors the formation of C=O group (which is affected by both aging and polyurethane
formation) and sulfoxide group (which is only affected by the aging process). The area of alkanes
which is not affected by the oxidative aging of asphalt binder or formation of the polyurethane was
used as a reference area.
𝐼𝐶𝑂 = ∑
𝐼𝑆𝑂 = ∑
7.4.6

∑ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1650 𝑐𝑚−1 𝑎𝑛𝑑 1750 𝑐𝑚−1
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑏𝑎𝑛𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1270 𝑐𝑚−1 𝑎𝑛𝑑 1500 𝑐𝑚−1
∑ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑙𝑓𝑜𝑥𝑖𝑑𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 995 𝑐𝑚−1 𝑎𝑛𝑑 1050 𝑐𝑚−1

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑏𝑎𝑛𝑑 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 1270 𝑐𝑚−1 𝑎𝑛𝑑 1500 𝑐𝑚−1

(7.7)

(7.8)

Statistical Analysis

Statistical analysis was conducted to assess the changes in self-healing, cracking and rutting
performance of asphalt mixtures. An analysis of variance (ANOVA) at a 95% confidence level
was used to identify statistically significant differences in the test results. A Tukey’s HSD test was
also conducted on all possible combinations to determine mixtures with statistically different
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results based on the results obtained from ANOVA. The statistical results were ranked by using
letters A, B, C, and so forth. In this approach, the letter A was allocated to the mixture with the
best performance, followed by the letter B and so forth. Furthermore, double letters (e.g., A/B,
B/C) indicate that the mixture can be categorized in both groups.
7.5
7.5.1

Results and Analysis
Self-Healing Testing
Crack Width Analysis. The rate of crack healing in different asphalt mixture samples was

evaluated by obtaining microscopic images of the crack and by calculating the average crack width
at day 0, day 7, and day 15. Figure 7.2 presents an example of the images obtained for the 6710SPP beams on day 0 and day15. Results for crack healing efficiency calculated based on
Equation (7.1) at day 7 and day 15 are shown in Figure 7.3a and Figure 7.3b. The crack healing
efficiency of the asphalt beams at day 7 increased from 18% for control mixture (67CO) to 20 and
34% due to the addition of 5% (67-5SPP) and 10% (67-10SPP) polymer.
When the percentage of the polymer was increased to 15%, the crack healing efficiency
was affected adversely. The same behavior was observed for crack healing efficiency at day 15.
This may be due to change in the role of asphalt binder and polymer at high percentage polymer
applications. When the polymer is added to the asphalt binder with a percentage up to 10%, the
asphalt binder is the continuous phase and polymer is dispersed in the asphalt binder. This situation
may lead to an enhanced cohesion and elasticity in the modified binder. However, when the SPP%
was increased to 15%, polymer acted as the matrix phase, and binder is dispersed in the polymer.
In this case, the properties of the asphalt mixture are mostly governed by the properties of the
polymer. Loss of the cohesion and strength was observed for asphalt mixtures with 15% SPP.
Furthermore, the measured crack healing efficiency was increased by changing the curing
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condition from room temperature to UV exposure. The highest crack healing efficiency was
observed in the asphalt mixture containing 10% polymer (67-10SPP) with 15 days of continuous
exposure to UV light with a healing value of 60%. This may be an indication of successful
activation of the self-healing process through the exposure to UV light.

(a)
(b)
Figure 7.2. Crack healing images taken using a light microscope (a) day 0, (b) day 15
The addition of 20% RAP also caused an improvement in the rate of crack healing, which
can be related to the enhanced elastic properties of the binder in the RAP (MSCR results provided
in Table 7.3). A further increase was observed in the healing efficiency with the addition of 10%
self-healing polymer. However, based on the statistical analysis conducted on the results, the effect
of self-healing polymer on the mixture with RAP was insignificant.
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(b)
Figure 7.3. Crack healing efficiency results (a) Day 7, (b) Day 15
Peak Load and Strain Energy Analysis. The peak load and strain energy up to the peak
load for each asphalt beam were recorded while conducting the three-point bending test. The peak
load and strain energy ratios were calculated as the ratio of peak load or strain energy at day 15
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divided by the corresponding value at day 0 (undamaged samples). Results for peak load ratio is
presented in Figure 7.4 while Figure 7.5 provides the strain energy ratio. A behavior similar to
crack healing efficiency was observed for the peak load and strain energy ratios with 67-10SPP
asphalt beam showing the highest ratio with a peak load ratio of 87% and a strain energy ratio of
50% when exposed to UV light. Based on the statistical analysis performed, 67-5SPP and 6710SPP mixtures had the highest peak load after exposure to UV light for 15 days. Therefore, the
highest strength recovery was obtained when 10% of SPP was used in the asphalt mixture
preparation and samples were exposed to UV light. Furthermore, the addition of 20% RAP (67-2RAP) and 20% RAP with 10% SPP (67-20RAP-1-PP) did not have a significant effect on the peak
load ratio of the samples and they were not statistically different. For strain energy ratio, the
addition of 20%RAP caused an increase in the ratio for samples conditioned at room temperature.

PLR

However, the effect of 10% SPP was insignificant.
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A
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A/B/C
B/C

B/C
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Figure 7.4. Peak load analysis
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Figure 7.5. Strain energy analysis
7.5.2

Mechanical Testing
Semi-circular Bending Test. The SCB test was conducted according to ASTM 8044 to

evaluate cracking resistance of asphalt mixture at intermediate temperature. Results are presented
in Figure 7.6. A Jc value of 0.34 kJ/m2 was measured for the control mixture 67CO. This value
increased to 0.51, 0.44, and 0.39 kJ/m2 due to the addition of 5, 10, and 15% of the SPP,
respectively. Therefore, the addition of 5% SPP was able to improve the fatigue performance of
the asphalt mixture with a Jc value higher than the recommended value of 0.5 kJ/m2. However,
the Jc value decreased with an increase in the SPP percentage. Although the SPP modified asphalt
mixture presented enhanced cracking performance compared to the unmodified asphalt mixture
(67CO), the Jc value of SPP modified asphalt mixtures were less than the SBS modified asphalt
mixture (70CO). Furthermore, when 20% of RAP was added to the virgin mixture (67-20RAP),
an increase in the Jc value was observed. However, the increase was not sufficient to achieve a Jc
value higher than 0.5 kJ/m2. A higher cracking resistance was expected when SPP is added to the
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mixture containing RAP since the aged binder in the RAP contains more -OH and -NH group.
However, the addition of 10% SPP to the mixture containing RAP did not cause a significant

Jc Value (kJ/m2)

improvement in the mixture cracking resistance.
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

A
A/B
C

B/C

B/C

B/C

B/C

Mixture
Figure 7.6. SCB results

Loaded Wheel Tracking Test. The measured rut depth obtained from the LWT test is
presented in Figure 7.7. A rut depth of 8.2 mm was measured for the control mixture prepared with
the unmodified binder (67CO). The addition of 5 (67-5SPP), 10 (67-10SPP), and 15% SPP (6715SPP) led to a significant decrease in the rut depth of samples with rutting depth of 3.3, 2.7, and
2.6 mm. The reported values for SPP modified mixtures were lower than the rutting depth of
asphalt mixture prepared with PG 70-22M mixture. Therefore, the addition of 5% SPP provided a
better rutting resistance compared to SBS modified asphalt binder.
The addition of 20% RAP caused a significant decrease in the rutting depth of asphalt
mixtures, with a value of 2 mm. This decrease was expected due to the incorporation of the aged
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and hardened binder in RAP. A further decrease in the rutting depth was observed with the addition
of 10% SPP; however, based on the statistical analysis performed it was not significant. In

Rut Depth (mm)
@ 20,000 passess

summary, all prepared asphalt mixtures except 67CO presented an acceptable rutting performance.
10
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0
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C

D

D

B
E

E

Mixture
Figure 7.7. LWT results
7.5.3

Rheological Testing

Table 7.2 presents the performance grading of the extracted binders from aged and unaged asphalt
mixtures in addition to the PG-grading of the RAP used in this study (PG 106-10). The binder
extracted from the control mixture had a PG of 70-22. The addition of 5 and 10, and 15% SPP led
to one grade increase in the high temperature while the low-temperature grading was not affected.
The increase in the high-temperature grade of the binder samples is due to an increase in shear
complex modulus and therefore confirms the formation of polyurethane polymer in the prepared
mixture. A higher grade was achieved with an increase in the percentage of the polymer. The
addition of 20% RAP also led to an increase in the high-temperature grade of the binder due to the
incorporation of the aged binder in the RAP. When 10% SPP was added to the mixture containing
RAP, the high-temperature grade was not affected significantly but the low-temperature grade
increased. PG-grading was also obtained for binders extracted from aged asphalt mixture to
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evaluate the effect of aging on the rheological properties of SPP asphalt binder. Similar to the
binder extracted from unaged asphalt mixtures, a one-grade increase was observed due to the
addition of SPP. Furthermore, an increase in the calculated UTI was observed with an increase in
the percentage of SPP, both in unaged and aged samples. This can be an indication of polyurethane
polymer formation in the binder.
Delta Tc of the unaged samples shows that virgin binder (67CO) and binder with 5, 10,
and 15% SPP had an s-controlled behavior (Table 7.2 and Figure 7.8). However, the delta Tc
decreased with an increase in the percentage of the polymer, which may indicate an increase in the
cracking susceptibility at low temperature. Furthermore, the addition of 20% RAP and aging of
the samples led to an m-controlled delta Tc with higher cracking susceptibility.
Table 7.2. PG-Grading Results for Extracted Binders
Extracted Binder

PG-Grading

Continuous Grading

UTI

Delta T

106-10

106.5-12.5

119

-5.7

67CO

70-22

71.3-27.2

98.5

1.6

67-5SPP

76-22

76.6-27.1

103.7

0.8

67-10SPP

76-22

78.3-27.1

105.4

0.8

67-15SPP

76-22

81.1-27.1

108.2

0.5

67-20RAP

88-16

92.2-19.2

111.4

-2.6

67-20RAP-10SPP

88-10

92.3-13.8

106.1

-6.7

67CO

76-22

81.2-23.4

104.6

-1.5

67-5SPP

82-22

83.7-24.1

107.8

-1.5

67-10SPP

82-22

85.6-23.5

109.1

-1.7

67-15SPP

82-22

87-24.6

111.6

-1.8

67-20RAP

88-16

93.8-20.3

114.1

-3.0

67-20RAP-10SPP

88-10

91.1-15.1

106.2

-6.3

Binder Extracted from RAP

Binder Extracted
from Unaged
Mixture

Binder Extracted
from Aged
Mixture (SCB
samples)
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Figure 7.8. Critical stiffness and m-value temperature from BBR results for (a) binder extracted
from unaged mixture, (b) binder extracted from aged mixture
The MSCR test was conducted to evaluate percent recovery (%R) and non-recoverable
creep compliance of the extracted binders. Based on the results presented in Table 7.3, the addition
of SPP led to an increase in %R and a decrease in the measured Jnr. The %R of the virgin mix
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(67CO) increased from 5% to 33% due to the addition of 15% SPP. The Jnr, diff, which examines
the sensitivity of polymer modified binder to change in the stress level, increased with an increase
in the percentage of the polymer. However, all the measured Jnr, diffs were lower than the allowed
value of 75%. A further increase in the %R of the binders was observed through the aging of the
samples. The MSCR conducted on the binder extracted from RAP showed a %R of 50. As a result,
a significant increase in the %R was also observed due to the addition of 20% RAP. Addition of
10% SPP had a positive effect on %R for unaged samples while for aged sample an adverse effect
was observed. Figure 7.9 demonstrate the MSCR result for binder extracted from unaged and aged
mixture on the performance curve. All the data points for different binders are placed under the
curved which indicates that no elastomeric network in present in the tested binders.
Table 7.3. MSCR Results for Extracted Binders
%R 0.1

%R 3.2

Jnr 0.1
(1/kPa)

Jnr 3.2
(1/kPa)

Jnr, diff

50.1%

47.8%

0.014

0.015

5.0%

67CO

5.3%

0.7%

2.271

2.575

13.1%

67-5SPP

15.8%

5.7%

0.957

1.131

19.2%

67-10SPP

31.1%

15.1%

0.464

0.621

21.8%

67-15SPP

33.6%

18.7%

0.385

0.485

27.2%

67-20RAP

41.8%

38.3%

0.072

0.076

5.3%

67-20RAP-10SPP

48.8%

43.0%

0.071

0.079

10.8%

67CO

24.6%

18.5%

0.179

0.197

9.9%

67-5SPP

30.4%

21.5%

0.285

0.331

16.0%

67-10SPP

50.1%

40.5%

0.116

0.138

18.8%

67-15SPP

51.2%

37.7%

0.139

0.178

28.2%

67-20RAP

45.9%

42.6%

0.053

0.058

8.2%

67-20RAP-10SPP

42.5%

37.9%

0.088

0.096

8.0%

Extracted Binder
Binder Extracted from RAP

Binder Extracted
from Unaged
Mixture

Binder Extracted
from Aged
Mixture (SCB
samples)

233

100

% Recovery

80
60
40
20
0
0

0.5

1

1.5

2

2.5

Jnr (kPa)
Performance Curve
67-10SPP
67-20RAP-10SPP

67CO
67-15SPP

67-5SPP
67-20RAP

(a)
100

% Recovery

80
60
40
20
0
0

0.5

1

1.5

2

2.5

Jnr (kPa)
Performance Curve

67CO

67-5SPP

67-10SPP

67-15SPP

67-20RAP

67-20RAP-10SPP

(b)
Figure 7.9. MSCR results for (a) binder extracted from unaged mixture, (b) binder extracted
from aged mixture
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The effect of the SPP was also examined on the fatigue behavior of binders extracted from
aged and unaged asphalt mixtures using fatigue factor from DSR, the number of failure from LAS,
and the FREI parameter from PLAS. An increase in the fatigue factor and a decrease in the FREI
parameter was observed with the addition of SPP and an increase in the percentage of SPP.
However, the fatigue resistance was improved with aging the samples. Furthermore, a different
behavior was observed in aged samples with an improvement in fatigue behavior with an increase
in the SPP percentage. As it was expected, the addition of RAP had a negative effect on the fatigue
performance of the asphalt binder. However, the addition of 10% SPP had a positive effect on the
mixtures prepared with 20% RAP.
7.5.4

Chemical Testing

FTIR was conducted on the extracted binders with two objectives; to monitor the formation of the
urethane group and to assess the aging process of unaged and aged samples. Based on the results
presented in Table 7.5, RAP used in this study has a high carbonyl and sulfoxide indices and
therefore, caused a significant increase in ICO and ISO indices for mixtures containing 20% RAP.
For unaged binders, an ICO of 0.08 was measured for control samples (67CO). However, this value
was increased to 0.22, 0.38, and 0.42 due to the addition of 5, 10, and 15 % SPP by the weight of
the binder. This increase is related to the C=O bond in the urethane group and can indicate the
successful formation of polyurethane polymer in the modified asphalt binder. An increase in ICO
from 0.08 to 0.10 was observed for the control binder (67CO) due to 5 days aging of the samples.
However, for the rest of the samples, a slight decrease or no significant change was detected which
can relate to the degradation of urethane with time. Furthermore, no significant change in ISO was
observed due to 5 days aging of asphalt mixtures.
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Table 7.4. LAS Results for Extracted Binders
Extracted Binder

Fatigue Factor

Nf (2.5%)

Nf (5.0%)

FREI

8660

0.00

0.00

0.0

67CO

2420

10934.4

536.3

0.4

67-5SPP

3250

19530.2

895.6

0.4

67-10SPP

3290

18643.2

782.7

0.3

67-15SPP

3370

17038.7

639.6

0.3

67-20RAP

9350

0.0

0.0

0.1

67-20RAP-10SPP

7850

4372.6

97.2

0.1

67CO

4790

1060.2

49.5

0.1

67-5SPP

4520

3920.0

201.6

0.2

67-10SPP

4330

8475.4

339.5

0.2

67-15SPP

3970

8605.9

392.2

0.3

67-20RAP

10600

0.0

0.0

0.0

67-20RAP-10SPP

8470

12073.7

371.9

0.2

G*.sinδ @ 25°C

Binder Extracted from RAP

Binder
Extracted
from Unaged
Mixture

Binder
Extracted
from Aged
Mixture (SCB
samples)

Table 7.5. FTIR Results for Extracted Binders
Extracted Binder

ICO

ISO

Binder Extracted from RAP

0.23

0.24

67CO

0.08

0.13

67-5SPP

0.22

0.11

67-10SPP

0.37

0.12

67-15SPP

0.42

0.10

67-20RAP

0.13

0.16

67-20RAP-10SPP

0.34

0.17

67CO

0.10

0.13

67-5SPP

0.18

0.11

67-10SPP

0.35

0.14

67-15SPP

0.43

0.12

67-20RAP

0.14

0.12

67-20RAP-10SPP

0.33

0.14

Binder
Extracted
from Unaged
Mixture

Binder
Extracted
from Aged
Mixture (SCB
samples)
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7.6

Summary and Conclusions

A reactive approach was used in this study for the production of self-healing polyurethane prepolymer modified asphalt mixture. The effect of the polymer was evaluated on self-healing,
mechanical and rheological properties of the asphalt mixture and asphalt binder. Results concluded
the following:
With respect to self-healing and mechanical testing:


Self-healing properties of asphalt mixture were improved due to the addition of SPP up to
10%. More increase in the SPP% resulted in the loss of strength and cohesion in the asphalt
mixture.



SPP addition caused an improvement in the cracking resistance of the mixture; however,
the increase in the percentage of SPP was not beneficial to the cracking performance.



Rutting resistance of asphalt mixture was improved with an increase in the percentage of
the SPP.



The effect of SPP was statistically insignificant when used in asphalt mixtures containing
RAP.

With respect to rheological testing:


An increase in the high-temperature grade was observed with the addition of SPP to the
mixture. Low-temperature grading was not affected significantly. However, results from
the calculated delta Tc shows that addition of the SPP led to an increase in cracking
susceptibility of the binder at low temperature.



MSCR results showed an improvement in elastic behavior and rutting resistance with an
increase in the percentage of the SPP.
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When tested for fatigue performance, a negative effect was observed with the increase in
the SPP in the unaged samples. However, for the aged samples, fatigue resistance was
improved with an increase in the percentage of SPP.

7.7
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8. SUMMARY AND CONCLUSIONS
UV light-activated self-healing polymers are a new generation of asphalt modifiers which are
designed to enhance the mechanical performance of the asphalt mixture while increasing its crack
healing rate. Before this technology is to be applied on asphalt pavement infrastructure, there are
several questions that needed to be answered, such as the identification of the self-healing polymer
components and the development of the optimized production process for the self-healing
polymer-modified asphalt binder. The components and production process should be selected to
be compatible with asphalt binder characteristics and to provide a cross-linked network of polymer
modified binder.
To address these questions, the objectives of this study were to:
 Synthesis of UV light-induced self-healing polymers;
 Characterization of the produced UV light-induced self-healing polymer;
 Evaluation of the UV light-induced self-healing polymers effect on the rheological
properties of asphalt binder;
 Evaluation of the UV light-induced self-healing polymers effect on the self-healing
properties of asphalt mixture;
 Evaluation of the UV light-induced self-healing polymers effect on the mechanical
properties of asphalt mixture.
8.1

Synthesis and Characterization of UV Light Activated Self-Healing Polymer

The light-activated self-healing polyurethane was synthesized in the laboratory by means of a
photocatalytic-based chemical method. The synthetic degree of produced self-healing polymers
was examined, using FT-IR spectroscopy, which confirmed the successful synthesis of crosslinked networks of oxetane-substituted chitosan polyurethane (OXE-CHI-PUR) polymer.
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Furthermore, TGA results showed that the produced polymers achieved the required thermal
stability for resisting the high temperature during the asphalt mixture’s production processes.
Two different modification methods were used to produce the polyurethane modified
asphalt binder; passive method and reactive method. For the passive method, cured self-healing
polyurethane was ground to particles with smaller size and then mixed with asphalt binder using a
high shear stirrer at a shear rate of 3600 rpm and temperature of 163°C. Asphalt binder was mixed
with the self-healing polymer for 45 minutes and then it was used to produce the asphalt mixture.
For the reactive approach, self-healing polyurethane pre-polymer was mixed with asphalt
binder at a shear rate of 1500 rpm, a temperature of 110°C and for a duration of 45 minutes. Since
the polyurethane pre-polymer was in a liquid state, it was mixed at a lower temperature compared
to the common methods. The prepared self-healing polyurethane modified binder was then used
to produce self-healing polyurethane modified asphalt mixtures.
8.2
8.2.1

Evaluation of the UV light Activated Self-Healing Polymers Effect on the Rheological
Properties of Asphalt Binder
With respect to the passive method

The results of the rotational viscosity test demonstrated that the addition of recycled asphalt
materials to an unmodified binder could lead to an increase in the viscosity of the binder blends.
However, a reduction in the measured viscosity of binder blends containing RAS/RAP was
observed using self-healing polymers. This decrease, caused by self-healing polymer
incorporation, may improve the workability of binder blends containing stiff, recycled materials.
However, it was expected that the decrease was caused by the residual solvent used in the
production of the self-healing polymer.
DSR test results showed that the application of recycled asphalt materials can cause an
increase in the rutting factor (G*/sinδ). Furthermore, rutting factor was decreased with the addition
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of 1% self-healing polymer. These values increased by increasing the percentages of self-healing
polymer to 3% and 5%. An increase in G* and a decrease in δ of binder blends was observed with
self-healing polymer addition when compared to the binder blends containing only recycled
asphalt materials. However, the changes caused by the self-healing polymer was not significant
enough to change the high-temperature or low-temperature grade of the binder blends.
Based on the results from the MSCR test, the addition of 20%RAP led to a significant
increase in the percent recovery and a decrease in the non-recoverable creep compliance of the
binder blends. The same behavior was observed with the addition of 5%RAS and 5% self-healing
polymer, however, in these cases, the changes were very small and insignificant. Moreover, the
effect of self-healing polymer was more evident when it was used in binder blends prepared with
an unmodified binder (PG 67-22) compare to binder blends prepared with an SBS modified binder
(PG 70-22M). LAS results showed that self-healing polymer improved the fatigue performance of
the unmodified binder. However, when it was added to the binder blend containing recycled
materials, negative effects were observed. Self-healing polymer addition to modified binder (PG
70-22M) also resulted in a decrease in fatigue life.
8.2.2

With respect to the reactive method

For binder samples prepared using the reactive method, a significant increase in the rutting factor
was observed with the addition of 5, 10, and 15% self-healing polymer by the weight of the binder.
The increase was significant enough to cause an increase in the high-temperature grading of the
asphalt binder sample. However, it did not have a significant effect on binders’ low-temperature
performance. In addition, results from the calculated delta Tc showed that addition of the selfhealing polymer led to an increase in cracking susceptibility of the binder at low temperature.
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MSCR results showed an improvement in elastic behavior and rutting resistance with an
increase in the percentage of the self-healing polymer. When tested for fatigue performance, a
negative effect was observed with the increase in the self-healing polymer in the unaged samples.
However, for the aged samples, fatigue resistance was improved with an increase in the percentage
of self-healing polymer.
8.3
8.3.1

Evaluation of the UV light Activated Self-Healing Polymers Effect on the Self-Healing
Properties of Asphalt Mixture
With respect to the passive method

The addition of recycled materials to mixtures prepared with an unmodified binder (PG 67-22)
negatively affected the healing recovery at room temperature. However, in some cases, RAP
application resulted in improved self-healing properties for mixtures prepared with PG 70-22. The
change in the curing condition temperature from 25°C to 50°C led to an improvement in selfhealing properties of the mixtures. A further enhancement in the crack healing efficiency was
observed through the addition of 5% self-healing polymer, followed by 48 h UV light exposure.
For mixtures prepared with PG 67-22, the highest healing recovery ratio (84%) was observed for
mixtures prepared without recycled asphalt materials, containing 5% self-healing polymer, and
exposed to UV light. On the other hand, the addition of self-healing polymer to the PG 70-22
mixture resulted in a reduction in healing efficiency, which could be due to undesirable interactions
of polyurethane in the self-healing polymer with SBS in the binder.
8.3.2

With respect to the reactive method

Self-healing properties of asphalt mixture were improved due to the addition of self-healing
polymer with 5 and 10% self-healing polymer by the weight of the binder. More increase in the
self-healing polymer percentage resulted in the loss of strength and cohesion in the asphalt mixture.
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Consequently, lower crack healing efficiency and strain energy ratio were observed for mixtures
prepared with 15% of self-healing polymer.
8.4
8.4.1

Evaluation of the UV light Activated Self-Healing Polymers Effect on the Mechanical
Properties of Asphalt Mixture
With respect to the passive method

SCB test results showed that the addition of recycled asphalt materials can lead to an improvement
in the cracking resistance of mixtures prepared using the unmodified asphalt binder (PG 67-22).
However, for PG 70-22 mixtures, which is an SBS modified binder, the use of recycled asphalt
materials resulted in a decrease in the Jc value. In addition, the use of 5% self-healing polymer
followed by continuous UV exposure resulted in an improvement in the cracking performance. As
expected and due to the incorporation of stiff binder in recycled asphalt material, rut depth was
decreased when RAP and RAS were added to the mixtures. In contrast the addition of self-healing
polymer led to an increase in the measured rut depth, however, mixtures with recycled asphalt
materials and self-healing polymer demonstrated an acceptable rutting performance. Finally,
TSRST results showed that the addition of 5% RAS and 20% RAP separately increased the fracture
load of the samples. A further improvement was observed through a self-healing polymer
application. Yet, differences were statistically insignificant.
8.4.2

With respect to the reactive method

Self-healing polymer addition caused an improvement in the cracking resistance of the asphalt
mixture; however, the increase in the percentage of self-healing polymer was not beneficial to the
cracking performance and the highest Jc value was observed in mixture with 5% Self-healing
polymer. Rutting resistance of asphalt mixture was improved with an increase in the percentage of
the self-healing polymer; however, 5% self-healing polymer was able to provide acceptable rutting
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performance. The effect of self-healing polymer was statistically insignificant when used in asphalt
mixtures containing RAP.
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9. FUTURE WORK
The results of this project lead to future research opportunities, including:


Different sources of hydroxyl and diisocyanate groups must be tested to determine the effect
of each one on the properties of asphalt binder and asphalt mixture.



Test different ratios of diisocyanate and hydroxyl from different sources to define an
optimum ratio for each one.



Determine if the developed self-healing polymers are a cost-effective technique to use to
increase the serviceability of asphalt pavement roads.



The overall environmental impact from cradle-to-grave of self-healing polyurethane modified
asphalt.



Different UV exposure intensity and duration must be tested to determine the change in the
rate of self-healing polymer activation with changes in the UV exposure characteristics.



It is recommended to test the self-healing polyurethane modifier with other binder types and
other RAP and RAS sources to evaluate their effects on the rheological properties of the
binders and their enhancement of the mechanical and healing properties of the mixtures.



Future research study should evaluate the self-healing efficiency of the developed selfhealing polyurethane modified asphalt in a full-scale asphalt pavement subjected to real
traffic and environmental loadings.
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10. GENERAL LIMITATIONS
Self-healing polymers are an emerging technology that would enhance an asphalt mixture’s
resistance to cracking damage caused by vehicular and environmental loading. However, the study
results showed some limitations in order to incorporate the developed mechanisms in the asphalt
industry. The effect of self-healing polyurethane on the mechanical properties, healing recovery
and strength recovery observed in the asphalt mixtures are related to the specific type of asphalt
binders used in Louisiana based on the climatic conditions. It is recommended to evaluate the
effect of adding the developed self-healing polymer in softer and stiffer binders and even binders
modified with other types of polymers to assess their effects on the rheological properties.
In addition, it is expected that the effects in the mechanical properties, crack healing
efficiency and strain energy recovery observed in the asphalt mixtures with the addition of the
developed self-healing polymers might vary by incorporating recycled materials (RAS, RAP or
RAS/RAP) from other sources as the one utilized in the presented study. Also, additional mixture
tests should be conducted in order to evaluate the performance of asphalt mixtures containing the
developed self-healing polymers in climatic conditions different from Louisiana.
Finally, it is recommended to determine the optimum self-healing polymer component and
self-healing polymer modified binder production process based on a performance-based
characterization against common distresses such as rutting, fatigue cracking, and low-temperature
cracking.
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